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ABSTRACT: The interaction between charged lipid vesicles suspended in an electrolyte solution containing
uncharged polymers has been described by a theoretical model and some of the main predictions have been
tested by differential scanning calorimetry (DSC) measurements. The model takes into account neutralization
of the lipid head groups through the adsorption of specific ions. The distribution of the ions and polymer
and the charge density on the vesicle’s surface have been considered as variational parameters which can be
calculated by minimizing the total free energy of the system. The model has been used to calculate the effect
of the polymer on the lateral peak separation of lipids in the vesicle, and the inhomogeneous lipid distribution
has been detected as a splitting of the calorimetric peak associated with the gel to liquid-crystal phase

transition.

Introduction

The study of interactions between polymers and am-
phiphilic aggregates is a rapidly growing field in both col-
loid and biological sciences.

Many papers, both theoretical and experimental, have
been published on the interaction between micelles and
polymers,! whereas comparatively fewer studies have been
performed on polymer-bilayer (or polymer—vesicle) in-
teractions. This latter area, which could have a wider
biological audience, has been primarily restricted to poly-
electrolytes interacting with charged or neutral bilayers.2
However, when we are dealing with uncharged polymers,
this becomes similar to the penetration of hydrophobic
proteins into the lipid bilayer. Nonionic and hydrophilic
polymers, such as poly(ethylene glycol) (PEG), have also
shown interesting effects on the lipid bilayer properties
and are currently used in many biology laboratories to
induce fusion between cells.’

The ability of such nonionic and hydrophilic polymers
to destabilize the lipid packing eventually leading to fusion
of vesicles or cells is quite unexpected, and several
explanations have been attempted, by invoking, for
example, membrane surface dehydration,? osmotic pres-
sure effects,® or formation of point defects within the bi-
layer.6

In a recent paper’ we proposed a theoretical model to
study the interaction between a charged spherical vesicle
interacting with an electrolyte solution containing also a
nonionic and soluble polymer. The size of the vesicle was
assumed to be much larger than the polymer monomeric
units, and no direct interactions between the vesicles and
polymer were considered, taking into account only elec-
trostatic forces with the electrolytes. Moreover, we
assumed temperatures below the polymer cloud point.
Despite the lack of any direct interaction, the polymer
may influence the ion distribution due to a change of their
solvation energy. Since PEG solutions have a relatively
low dielectric constant,® they are a poorer solvent than
water for electrolytes, and recent NMR,? neutron reflec-
tion,!° and surface balance!! measurements strongly
support these conclusions. The salt rejection by nonionic
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polymers in water solution does not contradict the well-
known complexation of PEG with electrolytes.'? Indeed
many of the data reported in the literature refer to the
binary system salt + polymer containing no water;
moreover in these binary systems conductivity measure-
ments suggest a quite high concentration of dispersed but
undissociated ions pairs!3 as expected because of the low
polarity of the medium. The preferential solvation of ions
in water/polymer systems is also evidenced by the ability
of ions to induce a phase separation of PEG solutions!4
leading to the formation of domains richer in charged
species and containing a low polymer concentration. Since
the region near a charged particle embedded in an
electrolyte solution always contains a higher ion concen-
tration than the bulk, we may suppose that a sort of local
polymer phase separation might take place. Thistendency
is counterbalanced by the entropy effect which tends to
homogenize the solutions; this is expected to be higher for
monomeric solutes than for polymer chains (the phase
diagram of water/PEG contains an immiscibility region
when the number of segments is larger than ~ 4814a),

The higher ion concentration near the interface (ac-
companied by a local polymer depletion) may enhance
ion binding. However this process cannot grow steadily,
since the neutralization of surface charges destroys the
electric field which concentrates ions around the vesicle.
The intriguing relationship between the surface charge
neutralization, the local density of free ions, and the
concentration profile of the polymer is the subject of the
present paper, which deals with both the theoretical
modeling and calorimetric investigations. The theory
improves and extends our previous model’ by including
the possibility to neutralize the charged lipid heads.
Moreover, we theoretically investigate how the ion binding
(and in particular the binding of divalent cations which
may form bridges between two lipid heads) can induce
lateral phase separation of the components of the bilayer.
This kind of phase separation has also been investigated
by us employing differential scanning calorimetry (DSC)
on suspensions of mixed vesicles containing both neutral
(dipalmitoylphosphatidylcholine (DPPC)) and charged
(dipalmitoylphosphatidic acid (DPPA)) phospholipids.
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Figure 1. Schematic drawing of the polymer/vesicle/electrolyte
solution associationstructure. The dipoles at the vesicle’ssurface
represent the bound ions at the charged lipid head groups. The
hatched zones are the polymer-rich regions of the solution. The
polymer concentration near the charged interface is small, and
concentration fluctuations appear in the bulk solution.

Materials and Methods

Synthetic L-a-dipalmitoylphosphatidylcholine (DPPC) was
obtained from Fluka (puriss); synthetic L-a-dipalmitoylphospha-
tidic acid (DPPA) was obtained from Sigma and checked for
purity by bidimensional thin-layer chromatography. The phos-
phorus content of the lipid suspension was essayed as inorganic
phosphate by the analytical procedures previously reported.!®

Poly(ethylene glycol) with MW = 400 (PEGyp) and poly-
(ethylene glycol) with MW = 4000 (PEG 000) were obtained from
Fluka and used without further purification.

Lipid solutions in CHCly/CH30H (1:1, v/v) were prepared and
mixed in order to obtain homogeneous mixtures of different molar
ratios. The solvents were removed, in a stream of nitrogen, in
a rotary evaporator at 35 °C, and the resulting film was lyoph-
ilized for 3 h. The mixtures or the pure lipids (with ca. 10 pmol
of total lipids) were added with 200 L of buffered 50 mM Tris
(pH 7) alone or in the presence of Ca?* (0.1 M) or PEG or both.

The ionic strength, adjusted by NaCl was held constant at 5.5
X 102M. Some additional experiments were performed at higher
ionic strength (4.4 X 10' M).

The samples were vortexed twice for 1 min at 75 °C and then
shaken for 3 h at 70 °C in a water bath to homogenize the
dispersion. A further 12 h was necessary to obtain reproducible
results.

Afterward, aliquots of 120 uL of each sample were transferred
and sealed in aluminum pans. After DSC was run the phosphorus
content of the lipid samples was determined as above.

Differential scanning calorimetry was performed with a Met-
tler TA 3000 calorimeter, equipped with a DSC 30 cell and a TC
10 processor. The sensitivity used as 1.71 mW full scale. Tris
buffer was used as a reference. The samples were analyzed by
using heating and cooling rates of 2 °C/min in the temperature
range of 25~80 °C, after an isothermal period of 15 min at 25 °C.
Each sample was heated and cooled through the lipid phase-
transition region at least four times to ensure the constancy of
its thermotropic behavior.

Palmitic acid was employed to calibrate the temperature scale
and the transition enthalpies (AH). Enthalpies were evaluated
from the peak areas using the integration program of the TA
processor.

Theory

A simplified picture of the system investigated by us is
reported in Figure 1. The sphere of radius R is a vesicle
bearing on its external surface a random distribution of
charged residues. (For the sake of simplicity the inner
vesicle’s leaflet is not represented.) Some of these charges
(assumed to be negative in the drawing) can form tight ion
pairs when interacting with specific ions (e.g., H*, Ca?"),
the concentrations of which are generally very small under
physiological conditions. The ratio between the number

Lateral Phase Separation in Mixed Lipid Membranes 1595

of adsorbed ions and adsorbing sites (lipid heads) is .
When multivalent ions are considered, they can bind in
different ways with the lipids’ head groups. For example,
Ca?* ions prefer to form bridges between two adjacent
negatively charged lipid heads;!6 therefore the number of
available sites is half the number of heads. Because of the
biological relevance of the bridged bond, only this case
will be considered throughout the paper by defining ¢ =
S10; < 1 where ¥}, is the ratio between the number of
adsorbed ions and that of the lipid heads, and S is the
coordination number of the kth ion; the extension of the
equations to different binding modes is straightforward.

Generally the ions that may bind to the vesicle surface
are mixed with a large amount of other ions (mainly Na*
and Cl- in biological fluids) which do not form stable ion
pairs with the lipid heads.

We extended this simple model by taking into account
the effect of a water-soluble polymer, whose volume
fraction is ®, and each chain contains m identical mon-
omeric units. As discussed in the Introduction, we focus
attention on neutral polymers and intentionally neglected
any direct polymer—vesicle interaction. Boththelocalions
and the polymer concentration have been assumed to vary
with the distance from the vesicle surface, reaching
asymptotically their macroscopic values when r — «, These
two sets of parameters have been labeled as *I)F(r) and
®,(r), where the subscript j refers to the jthi 1on1c species
and the superscript F indicates the free ions. Since some
ions can bind to the vesicle surface, the last set of
parameters to be determined is ¢, where the index &
indicates the kth adsorbed ion.

Inorder to calculate the distribution of ions and polymer
around the lipid vesicle, we have to minimize the total
free energy with respect to all the above parameters. This
calculation requires the knowledge of the main free energy
contributions; the most important terms are as follows:

Free Energy of the Dissolved Species. The Flory—
Huggins free energy for the mixture of water, polymer,
and ions per unit volume is!?

GF = kT n;log & +wn,(1-&,) @)

where ®; represents the volume fraction of the ith species
and n; the number of ith particles per unit volume. Clearly
n; is related to ; by the relationships n, = N&,/m, n§ =
N<I>F and ny = N®,, (p = polymer, w = water, j = ions, m
= polymer length, and N = total number of particles per
unit volume).

The parameter w (depending on temperature) contains
all the polymer—polymer, polymer-solvent, and solvent-
solvent interactions. The ion solvation energy, which
should contribute to the parameter w, will be considered
in an explicit way later.

Two additional terms must be consndered The first
describes the solvation energy of the ions, Z n vi(®,), and
the latter the interactions between the i ions  of charge zje
and the electrostatic potential y.(r): Z n; F2 e¥,(r). The
s1mplest but reliable way to calculate the 1on solvatlon
energy in the framework of a continuum model is to employ
the Born equation, even if more refined formulas have
been reported:!8

2,2

Z e 1 1 (2)
2); ( e(@,,(r)))

where z;e is the ion charge, A; its radius, and ¢(®,(r)) the
local dielectric constant of the medium surrounding the
ion. In the investigated system ¢ depends on the con-
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centration of polymer segments &,(r) through the lowering
of the solution dielectric constant. Within a good ap-
proximation we may assume

Jde

5%, <i>_e<1>(r)+e(1 (M) (3

e(@ (r) ~ e, +—

Here ey and ¢, are the macroscopic dielectric constants of
the water and polymer, respectively. The validity of eq
3 has been proven for polymer systems similar to that
here investigated.8b<

In the investigated system the ion and polymer distri-
butions are not constant around the vesicles; therefore,
the above equation must be generalized to consider the
medium inhomogeneities. Let us assume thatthe number
M of vesicles in the total volume Vg of the system is
sufficiently small to neglect the effect they may have on
each other. Then we consider a volume Vy = Viya/M
around a given vesicle and determine the free energy in
this volume. Considering ®; as continuous variable and
integrating over the volume V), eq 1 can be rewritten as

4 & (r)
GF = il RRO{kT[ LA log q;.p(,-) +
m

aB

(1- ®,(r)) log (1 - cpp(r))] +wd, (1 - 2,(r) +
RTY_81(r) log 8] () + )_ & (N[-v(®,(r) + zjew, ()] +
J J

linear terms in Qp(r)}ﬂ dr 4)

Here a? is the monomer (or solvent) molecular volume, R
the vesicle radius, and Ry = [(3/47) V11/3 the radius of the
unit cell containing a single vesicle. In deriving eq 4 the
approximation 1- Z <I>F(r) = 1 valid for dilute electrolyte
solutions has been’ made. The linear terms in d,(r)
disappear in the following mathematical handling, and
their explicit expression is not reported here.

Free Energy of the Bound Ions. According to the
simplest adsorption model in the presence of electrical
forces, the free energy of bound ions can be expressed as

G = nylkT()_9, log 9, +
k

(1-) 0 log (1- Zok)) +
k

Y 04(Ey ~ m(@, g + 2,80, ()] (5)
k

where ny is the number of lipid heads. The first term on
the right-hand side describes the mixing entropy of the
adsorbed ions over the vesicle surface, the second the
binding energy with the lipid head groups (Ex = binding
energy per ion), the third the ion solvation energy at the
vesicle~water interface, and the last the electrostatic effect
due to the surface potential.

Adding together eqs 4 and 5, we obtain the general
expression of the total energy as a function of the
parameters <I> (r), Y&, and P,(r). As we can see, many
energy terms are coupled by the variational parameters
in a rather complex way.

Before the minimization procedure, four important
constraints have to be imposed:
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(a) The sum of the free and the bound ions must be
constant for each species J:

4 R
ﬁfﬁ 0tI>f(r) rdr+ nyd; =N, (6a)

(b) At large distances from the vesicle’s surface the ion
and polymer concentrations must be equal to their sto-
ichiometric values:

lim CbF(r)

)‘—’Ro

$; and lim d>p(r) =9, (6b)

(for dilute vesicle solutions the approx1matlon lim,.g, =
lim, ... can be safely used).

(c) Far from the vesicle the solution must be electrically
neutral

Zz ® =0 (6c)

(d) Atlarge distances the vesicle’s electrostatic potential
vanishes:

lim ¢,(r) =0 (6d)

The minimization of the free energy under the mass
conservation constraint (eq 6a) can be performed by the
Lagrange’s multiplicators technique. By defining

H=G,, + anNj )
J

n; being an independent Lagrange’s multiplicator and j
running over all ionic species, the minimization procedure
leads to

8H

39,

1y |Ey + kT log +2ieY (1) 1 () g + 1 |= 0

1->9,

k

(8a)

oH
98! (r)

= %’ J v @, ) + zjew () +
kT log &} (r) + n) r* dr = 0 (8b)

v, (P,(r)

Ro oF
ad,(r) af [ Z My a®,(r)

RT(— log ®,(r) —log (1~ ®,(r)) + constant) ] rPdr=0

- 2w<I>p(r) +

(8c)

The unknown constant appearing in eq 8c can be elim-
inated making use of the relationship lim. ., ®,(r) = &,
(see eq 6b).

Inorder to obtain explicit expressions for the parameters
7;, it is useful to make use of eq 8b which after simple
rearrangement gives

< 10}
o] = exp[— kl—T(nj - u,-(<1>p)>] exp(— E,;—T) ©)

where £(r) = —j(®p) + vj($p(r)) + zjeye(r). §(r) has the
interesting property that it vanishes whenr — «, Inserting
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this result into eq 6a, one finds
7;= v(® )+1og{w4—"/“—[fk° 2dr-
j

fR°(1—ex ( r dr]} (10)

Since 1 - exp(-£j(r)/kT) tends to zero when r goes to Ry
(Ro> R) while f£or® dr grows sharply, we may neglect the
integral containing £;(r). Recalling that

V
4“fR°2d =20=N, (11a)
and
N, 1 1
e - - (11b)
Nj_nHl,j @JFVO_'“’@

Nj being the total number of molecules in the volume Vj,
eventually we obtain

nj = Vj(ép) - kT IOg &)j (12)

Insertion of this result into eq 8a,b yields

U4 - 1 -
—* =¢,K (T GXP[ ﬁ,("k(q’p(r»lR - Vk(q’p)) ] X

I
( 2,€ ‘pe(r)IR)
exp\ -———— ] (13a)

kT
. 1 . z-ew,,(r))
3(r) = & exp[ﬁ(vj(‘bp(r)) - uj(ép))] exp(— ! 2T
(13b)

F aV}(Qp(r)) _ ay](ép)
>\ -&® +&—— |-
9P (r) 9%,

J
_ ®,(r) 1-%,()
2w(®, () - P + k —,; log ‘i’p -log - <i>p

(13¢)

where K (T) is the specific binding constant of the kth ion
in the absence of surface potential.

In order to solve the system of equations (13), we need
to calculate the electrostatic potential Y (r) within the
electrolyte solution surrounding the vesicle. We made
use of the generalized Poisson equation valid for inho-
mogeneous dielectrics:!®

div (e(r) grad ¥,(r) = 4mep(r) (14)

where €(r) is the spatially varying dielectric permittivity
of the medium which is related to the local polymer
concentration by eq 3 and p(r) is the electric density of the
free-moving charges dissolved; i.e.

ep(r) = —Zz @7 (r) (15)

The analytical expressions for the free ion concentrations
¢I> (r) are given in eq 13. With the dielectric constant, the
local ion density is also affected by the inhomogeneous
polymer distribution (see eq 13b).
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Once the analytical expressions of <I>F(r) and ¢(r) have
been obtained, the nonlinear differential equation (14)
(which is coupled to the algebraic equations (13b,c)) can
besolved. Itisworth noting that the Poisson-Boltzmann
equation (14) is also coupled with the bound ion densities
¥ defined by eq 13a through the boundary conditions.
Indeed, recalling that eq 14 is valid for r > R, while inside
the vesicles (r < R) the potential ¥;(r) must satisfy the
Laplace equation div (¢ grad ¢:(r) = ¢V4;(r) = 0, the
potentials ¢;(r) and ¥.(r) must satisfy the continuity
conditions

Yi(Mlz = YoMz (16a)
(| _ Y, (r)
“ar . = ¢(r) |, (16b)
as well as
limy (r) =0 (16c)
lim ,(r) = finite (16d)
r—0

where ¢; and ¢(r) are the dielectric constants internal and
external to the sphere of radius R. In most of the cavity
models it is generally assumed that ¢, = 1. The internal
potential ¥;() can be split into two components: the
former,sayx//?(r),describesthebarepotentialofthecharges
(theionic lipid heads) inside the sphere and the latter, say
w,!(r), describes the effect of the charges induced at the
interface. Assuming that the vesicle charge density Q(r)
is uniformly smeared at the water-lipid interface (i.e.,
Q(r) = (Q/47R?d&(r-R), Q being the net vesicle charge), it
is easy to prove that inside the sphere the only solutlon
satisfying the boundary condltlon (16d) is xﬁ r) =
whereas at the interface we have y2(r)|; = Q/R. Recalhng
that the net charge Q is related to the fraction of adsorbed
ions 9, by @ = Qo(1 ~ Lr9:) eq 16a,b becomes

Q
A+ —R—°(1 -3 00 =0l (172)
k

-—(1 ;zw = ¢(r)

The solution of the differential equation (14) coupled to
the algebraic equations (13) and subject to the boundary
conditions (16¢,d) and (17a,b) gives explicit expressions
for the local polymer and ion concentrations as well as for
the concentration of bound ions.

The problem could be solved by numerical methods;
however, interesting analytical formulas can be obtained
for some limiting cases. Indeed, at relatively low vesicle
surface potential (or charge density) we may assume that
the local ion concentration is not very far from that of the
bulk. This allows us to expand the ion density ep(r) in the
power series of Y.(r). ’

Moreover, since ®,(r) and 9; both depend on Y.(r) (see
eq 13a,c) also, ®,(r) and ¥; might be expanded in the
power series of ¥.(r) by assuming as zeroth-order approx-
imations 3(r) = &; and 97/(1 - L,0”) = BKi(T)
(Langmuir-like adsorption isotherm). Inserting 0;:” and

i (r)

(17b)
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4\ into the Poisson-Boltzmann equation (15), the bound-
ary conditions (17), and eq 3, respectively, and retaining
only linear terms in y.(r), we obtain a first-order electro-
static potential which can be used to calculate the first-
order corrections to ®,(r), ®;(r), and ¢;. This procedure
can be iterated several times until a good convergence is
reached. Therefore, we set

3, =90+ P+ PP+ P8P+ (18a)
&, =&, + V1) + 2P + PP +..  (18b)

¥.(r) = constant + (YO () + YL + HPE) + ...
(18¢)

where {is a disposable parameter put equal to 1 at the end
of the calculations.

The resulting expressions are quite cumbersome, so we
report only useful limiting cases. Indeed, in biological
fluids the concentration of divalent cations (Ca2*, Mg2*)
is several orders of magnitude lower than that of mono-
valentions. Therefore, the electrostaticscreening is mainly
modulated by the monovalentions. Moreover, we assumed
that only one divalent cation can form bonds with the
lipid head groups (9, = ¥). Recalling that for a low
concentration of divalent species dissolved in a large
amount of monovalent ions, we have

sz"@j «®, + & (19a)
J

sznﬂéj <, (19b)

J

and using of the series expansions (18) we may transform
eq 13c as

() = 0(,,) (20a)
<I>:,2)(r) =
z?&avj@’p(r))
) -
1f e \2J 9P, () |% . _
5 H, 5 v.(r) + O($,,) (20b)
¥Gpal
OBL(r) |%
vy
39(r) = 20P(N——+ 0(3,.,) (20c)
\0(0)( )
8%G 1/ 9®2(r) is the second derivative of the energy of the

system thﬁ respect to the polymer volume fraction, whose
analytical expression is

pTl+ (m-1d,
m g (1-%)

0°Gora
AB2(r) |3,

Wee(T) (2D
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with

eff(ﬂ w ——Z[

v (3,(r)

@p

1(3"j(‘1’p(r)) )2]<i>
kT 3%, (r) |%, 4

where the last term describes the ion effect on polymer
energy.

Performing the same procedure, we find the following
expressions for ¢

A%2(r)

0(0) .
1 0(0)-¢’++K(T) (22a)
_l&_ a— _& K(D 2 ©) 22b
1-992 ROk 22D
3@ R % o
(1- 092 (1_0(0))3 ++K(T)[ —T%P (Mg +
L O D)), + L(22)2y© :I
RT ad,(n |s, Bl + 3z ¥ le| (220)
9@ L @ S
1-092 (- 0(0))3+(1_0(0))4=
q,”K(T)[ R O+ (7 e)z'l/io’(r) vO(P)lp +
_2e Pt | o g 213, 03 ]
wmianm |yt O % Ol slo5) Vo | @20)

Vet being the solvatlon energy of the divalent cation: v+

= (2e%/A++)(1 — 1/¢) where ¢ = €(®;) is the macroscopic
dielectric constant of the solution. Finally, by combining
eqs 14 and 15 with eqs 18c and 20 and applying the elec-
troneutrality condition (6¢), we have in eq 18¢ constant
=0, whereas the electric potentials Y™ () must satisfy the
differential equations

VO - WO =0 (23a)
AP0 - kWP =0 (23b)

vr2¢e(2)(r) _ K02¢;2)(r) =

382 (r) oy
o 3,() w;,(” + a, 3P (WO () + bY%(r) (230)

where o is the Debye length xo?2 = 47e?(®+ + d_)/a%k T,
V,2is the Laplacian operator which in spherical coordinates
is given by 82/8r2 + 1/r 3/dr, and the coefficients a;, a3, and
b are defined as

ot
9=k T \TRT L

b=l ()

where, for the sake of compactness, we set \; = .
Equation 23a is the well-known linearized Poisson-
Boltzmann equation obtained for homogeneous electrolyte
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solutions. In eq 23a the only effect of the added polymer
is the variation of xo through the lowering of the macro-
scopic dielectric constant e. The remaining higher order
equations describe self-consistently the effects of the in-
homogeneous polymer distribution. The set of eq 23 can
be solved by standard procedure, provided the proper
boundary conditions (eq 17) are imposed. The solution
of eq 23a is

QO e—xo(r—R)
e(l+xR)

Inserting this result into eq 23b and using the boundary
conditions (17), we obtain

%0)(,.) - (1 - 0(0)) + 0(54.4.) (24)

—¢‘°’(r) +0(3,,) (25)

5O e

v =

Finally, inserting eqs 20, 24, and 25 into eq 23c, we get a
second-order inhomogeneous differential equation, whose
general solution is

. +
Y2 = cl%v + c2e rw - ——frf(r) e dr +

eT frry e dr] (26)

From eq 23c the function f(r) takes the expression

3x0r 3x0r
+ 2y5(1 + k)%

fir)= 71
with v; and ¥4 two numencal constants.

c1 and ¢ are two integration constants to be determined
by applying the boundary conditions. Since the external
potential must vanish when r — «, it follows that ¢ = 0.

Performing the integrals appearing in eq 26,2° we obtain
after some algebra

2 - e""‘” 2 2 e"“"
\Pi W) = clT + (71 - §"0 72) -

where
E(kgr) = =E,(2kyr) + e E, (4xy7)

Ey(x) is the so-called exponential integral defined as!
f2e™/y dy. Sincexo! ~ 0.1 A at physiological conditions,
whereas the vesicle’s radius R is in the range of 200-1000
A,22 it follows that xR >> 1; therefore, we may expand
E (x) by the asymptotic formula?! valid for large x:

E(x) =37(1-%+%-...) ©28)

Inserting this result into eq 26 and making use of the
boundary conditions (17), we may calculate the integration
constants ¢; appearing in eq 26. Lengthy algebraic
manipulations give

— 9@ 80 e _e™F( 3 V2=
exoR R? \ 8«2
Once the integration constant ¢; has been calculated, it is

inserted back into eq 26, giving the sought-after expression
for the second-order contribution to the electrostatic

i‘yz) (29)
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potential. The final result is

Y2 =
32 3,6
21 x 21°% e
gl Buir® - (1~ 90yged 1 x
Aexg A%E xSk D
2
TN S LIV P | B
A= S B R L G TIRET
ad2(r) |8,

(}72)3(3*0(""’ +0(2,,) (30)

In deriving eq 30 we used the following obvious relation-
ships between the head groups area A, the vesicles radius
R, and the net charge Qq:

Q= ZLRL%‘P”RZ (3la)

NA = 47R? (31b)

where %y, is the fraction of charged lipids, each of them
bearing a zpe charge, and N is the aggregation number.

Adding together eqs 24, 25, and 30, we obtain the
electrostatic potential within the electrolyte medium
surrounding the vesicle. This result, combined with the

expression for the polymer concentration <I>g")(r) and ion
adsorption degree 9™ reported in eqs 20 and 22, respec-
tively, gives the formal solution to the problem of the
mutual influence between ion and polymer distributions.
Numerical estimates will be reported in the next section.

Finally we want to mention some results obtained for
the limiting case where the solution contains only a di-
valent cation (that may form bridges with the lipid heads)
neutralized by monovalent anions. At variance with the
previous case, the first-order equation for the polymer
profile (eq 20a) does not vanish and the differential

equation for ng)(r) (eq 23a) depends on the polymer in-
homogeneous distribution <I>§,”(r)

_av(3,()
2% 3 (r) |
J
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further stressing the peculiar properties of asymmetrical
electrolytes. Higher order terms can be easily calculated
in this way.

Results and Discussion

The present model is rather crude, but, in our opinion,
it contains the basic features of the indirect interaction
between charged lipid aggregates and an electrolyte
solution containing soluble nonionic polymers. Let us
summarize the main predictions:

(1) Polymer Effect on Ion Distribution. The pres-
ence of a nonionic polymer enhances the ion-vesicle
interaction, increasing both the free ion concentration near
the interface and the number of bound ions.

Three factors modulate the strength of the interaction:
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(a) The first is the differential polarity between solvent
(water) and polymer. Looking at eq 30 the polymer-
induced lowering of the potential depends on the square
of the difference ¢, — . (See also the related eqs 20 and
22).

(b) The length m of the polymer chain enhances the
interactions. The dependence is contained in the term
8°Gpa/ 6<I>2(r)|q> appearing in the right-hand side of eq 30

(see also eqs 20 and 22). Since 4°G tom/a@ (r)|CP is
proportional to the polymer concentration ﬂuctuatlons 2
it follows that the greater the fluctuations, the more hkely
is the formation of polymer-free regions around charged
vesicles. From the analytical expression of 8°G,,/d®:
(r)|¢, reported in eq 21, putting &, = 0.2, m = 50, 2Ws(T)/
ET = 0.9, we calculated that the decreasing of the
electrostatic potential at lipid—water interface is about 12
times greater than the value calculated for m = 1; but
putting m = 100 this value is only 13.5 times larger. The
greater effectiveness of long-chain polymers is due to the
reduced mixing entropy as compared with monomers or
short-chained polymers. When the coefficient Weg(T)
(which in our model depends on the ion concentration but
isindependent of the polymer length) becomes comparable
with the entropic term, the polymer concentration fluc-
tuations grow to infinity, leading to the formation of
polymer-rich and polymer-poor regions. It has been
observed that for PEG the transition occurs only if m >
48142 and at high temperatures, the values being lowered
by salt addition.l4¢

(¢) The absence of any direct polymer—surface inter-
action favors the binding of the ions which do not compete
with the polymer for the binding sites.

In order to quantify the order of magnitude of these
effects, we performed some numerical calculations. The
following parameters were used: mean area per lipid
molecule A = 70 A? (see, e.g., ref 24), mean ionic radius
A =1.5 A, absolute temperature T = 300 K, coefficient of
the permittivity variation with PEG concentration d¢/8®,
o €, ~ &y = —73,5¢ water permittivity e, = 78, and fraction
of charged lipids %1, = 0.2. The mean molecular volume
a® of the solution was calculated from the averaged mo-
lecular weight assuming the density to be 1 g/cm?. The
concentration and binding constant of divalent cations
which may form bridges with the lipid heads appear
indirectly through the zeroth-order coverage degree )/
(1-99) = ., K(T) (see eq 22a). The ionic strength of
the medium was set at 1 M, but additional calculations
were performed using a lower value (0.5 M). The choice
of such a high salt concentration was suggested by the
need of a small electrostatic potential which in our
approach has been considered as a perturbing term; lower
potentials could be reached by using, e.g., asmaller charge
density of the lipid. The Flory parameter 2W(T)/kT
was 0.9,10.25 and its dependence on salt concentration was
neglected whereas the polymer length and concentration
were considered as variables in the following calculations.
Using the above parameters, we evaluated in Figure 2 the
ion adsorption as a function of macroscopic polymer
volume fraction ®,. Discontinuous lines were obtained
assuming that the only polymer effect is the variation of
the medium dielectric permittivity. The dielectric con-
stant variation alone does not affect the ion binding, and
the same constancy is observed by varying the salt
concentration (data not reported here), in agreement with
other theoretical results.6

The insensitivity of ¢ to electrostatic potential variations
is due to the fact that the potential increase favors ion
binding, while increased binding decreases the potential
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Figure 2. Effect of polymer volume fraction <I>p on the Ca?*
adsorption at the vesicle’s surface. Curves a, a’ and b, b’ refer
tothe present model apphed to PEG o and PEGyqo, respectively;
discontinuous lines ¢, ¢’ refer to the homogeneous polymer
distribution model. The roman letters with and without the
primes indicate curves calculated by using 0.6 and 0.3 as the
zeroth-order values for 9©, respectively.
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Figure 3. Effect of polymer volume fraction &, on the repulsion
among the charged lipid heads. Curves a, a’ and b, b’ refer to
the present model applied to PEGyg0 and PEGygo, respectlvely,
discontinuous lines ¢, ¢’ refer to the homogeneous polymer
distribution model. The roman letters with and without the
primes indicate curves calculated by using 0.6 and 0.3 as the
zeroth-order values for #©, respectively.

(anticooperative effect). On the contrary, if we take into
account the polymer rearrangement near a charged wall,
the binding increases dramatically, the effect being more
pronounced for highly charged vesicles, long polymer
chains (see curves), and low ionic srtength (data not
reported here). The polymer-induced ion binding is
effective also at very low polymer concentration (~5%).

As a consequence of the ion distribution modification,
we expect a reduced repulsion between the charged lipid
heads. One could ask whether this effect is due to alarger
number of bound ions or to a denser ion cloud around the
vesicle. Looking at the present equations, we suppose
that both effects contribute. Some numerical results
concerning the variation of the surface potential upon
polymer addition are reported in Figure 3. The effect is
very large for charged vesicles but much smaller for
neutralized surface charges. Once again the effect is more
dramatic for longer chains.

Finally, numerical calculations were performed for the
case of a solution containing only divalent cations (which
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Figure 4. Polymer concentration (expressed as volume fraction)
at the vesicle’s interface vs its macroscopic value ®,. Curves a,
a’ and b, b’ refer to the present mode! applied to ﬁEGm and
PEGuq, respectively; discontinuous lines ¢, ¢’ refer to the
homogeneous polymer distribution model. Parts A and B have
been calculated using 0.3 and 0.6 as zeroth-order values for 9©.

may form bridges with the lipid heads) neutralized by
monovalent anions.

As said in Theory, the effect of the polymer is more
pronounced but the qualitative behavior is quite similar
(see eq 32). Unfortunately, because of the stronger
interactions the perturbative approach here employed is
poor (the first-order and zero-order terms are comparable)
so these calculations have been disregarded.

The PEG-induced increase of ion density at and/or near
the vesicle surface is consistent with the early studies of
Maggio et al.,2” who measured the decrease of the lipid
bilayer surface potential with PEG concentration. More-
over, our results agree also with recent 3!P NMR data*d
which, however, suggest a more complex effect of very
long (20K) PEG chains.

(2) Polymer Profile at the Interface. As a conse-
quence of the ion condensation at the charged surface, the
model predicts a variation of polymer concentration in
that region (see eq 20). The model gives a depletion when
the polymer polarity is smaller than that of the solvent,
while an opposite effect is found for the less common
situation of higher polymer dielectric permittivity.

The extent of polymer depletion is opposite to the ion
concentration variation and depends on the same param-
eters. Again, we wanttostress that thiseffectisnotrelated
to polymer—surface interactions (they have been set equal
tozero at the very beginning of the calculations) but rather
itis related to the polymer—electrolytes mutual exclusion.
Itis interesting to recall that the ion—polymer competition
at the liquid-air interface has been proven for a PEG
containing electrolyte solution. Neutron reflection!® and
surface balance!! experiments showed unambiguously that
the thickness of the polymer-rich interfacial layer is
enhanced by salt addition which, as known from surface
tension measurements, tends to escape from the air-water
interface.

Moreover, recent electrokinetic potential measurements,
performed on lipid vesicles suspended in dilute PEG
solution, seem to confirm a polymer depletion of the bi-
layer-water boundary region.?®

In Figure 4A,B we report the polymer concentration at
the interface r = R vs its macroscopic value ®;. The
discontinuous line is the zeroth-order approximation (i.e.,
®,(r) = ®). The numerical results show a large polymer
depletion at the interface, much larger when the polymer
concentration is very low, for high surface charges and
long polymer chains. The polymer profile is reported in
Figure 5. As expected, the thickness of the interfacial
layers is quite small because of the large electrostatic
screening at high salt concentration (1 M).
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Figure 5. Depletion profile of PEG. r-R is the distance from
the vesicle’s surface. Curves a and b have been obtained for
PEG 000 and PEG.g with &, = 0.1, whereas curves a’ and b’ have
been calculated putting &, = 0.3. ¢#© was 0.3 in all calculations.

(3) Polymer-Induced Lateral Phase Separation of
the Lipid Components of the Vesicles. The reduction
of the repulsion between the lipid heads may have
interesting effects on bilayer properties. For instance,the
lowered repulsion could lead to a decreasing mean surface
area’ or to a lateral phase separation of the bilayer’s
components.

In order to test the above theoretical result,® we
performed DSC measurements on mixed lipid vesicles.
We followed the specific heat variation associated with
the transition from the gel phase of the lipid chains to the
more fluid liquid-crystalline phase (the so-called L, — Lg
transition). When mixed vesicles are considered, a split-
ting of the DSC peak indicates a lateral phase separation
of the two components. Modification of the interface
structure, induced, e.g., by ion adsorption, generally
triggers lateral phase separation.?’ We selected liposomes
containing neutral (DPPC) and charged (DPPA) lipids;
their ratio was 80:20, and the PEG volume fraction was
10%.

Curves in parts A and B of Figure 6 have been obtained
using PEG and PEG,q, respectively. PEG alone (see
Figure 6A, curve b) had no influence on the DSC runs,
excluding an appreciable disturbing effect of the bilayer
structure, in agreement with previous reports,3d:4d.8a30
Neither did the addition of 0.1 M Ca®* (as CaCly) show
a dramatic effect, apart from a small shoulder at higher
temperatures due to the formation of Ca?* cross-links
between adjacent DPPA heads (see curve ¢). The simul-
taneous addition of PEG and Ca?* showed interesting
results.

As we can see, no phase separation is evidenced when
PEGyy is used (m < 10; see curve d, Figure 6B) whereas
a net splitting of the calorimetric peak takes place when
PEGyo0 is added (m < 100; see curve d, Figure 6A). The
phase separation is maintained on varying the amount of
PEGyoy (see Figure 7), but no variations have been
observed using different amounts of PEG4y in the range
0-0.15 volume fraction.3! This experiment (and the next
one) clearly shows a tighter ion-lipid interaction that may
overcome the repulsion among the lipid heads favoring
cluster formation. Indeed, as shown in Figure 8, by
increasing the Ca?* concentration in a suspension con-
taining DPPC/DPPA (80:20) vesicles, a self-evident lateral
phase separation occurs. Therefore, the different behavior
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Figure 6. Differential scanning calorimetry (DSC) of some
DPPC/DPPA (80:20 w/w) mixed vesicles suspended in Tris buffer
(103 M). (PEG volume fraction = 0.10). (A) Curve a, buffered
vesicles; curve b, vesicles + PEGo0; curve ¢, vesicles + Ca* (0.1
M); curve d, vesicles + Ca2* (0.1 M) + PEGy0. (B) Curve a,
buffered vesicles; curve b, vesicles + PEGyy; curve c, vesicles +
Ca?* (0.1 M); curve d, vesicles + Ca?* (0.1 M) + PEGy.
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Figure 7. Relative variation of the calorimetric peak splitting
vs PEG o0 volume fraction.

of PEGyp and PEGyoe is not related to their polarity
differences (the averaged dipole moment of linked free-
rotating dipoles is almost independent of the chain
length32) but rather it should be related to their ability to
give a larger ion concentration near a charged surface.
A possible cause for the PEG-induced splitting of the
calorimetric peak could be related to the inhomogeneous
structure of thesample. Namely, PEG could induce vesicle
aggregation, preventing a fraction, i.e., lipid surface to
stay in contact with the electrolyte solution. Moreover,
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Figure 8. Differential scanning calorimetry (DSC) curves of

hydrated DPPC/DPPA (80:20) mixtures at different Ca?* molar
concentrations.

different polymer concentrations near the inner and outer
bilayer leaflets could broaden the DSC peaks. To avoid
such side effects, we sonicated under mild conditions some
samples after the DSC runs and repeated the measure-
ments. No variations were detected between the two sets
of experiments.

As discussed before, the variation of the ionic strength
(in the range 0.1-1 M) should not dramatically alter the
amount of bound ions. We tested experimentally this
theoretical result by performing some DSC measurements
at different ionicstrengths. The curves are similar to those
reported in Figure 6A, suggesting that, even at high salt
concentration, the polymer favors ion condensation at the
charged walls. However, a further increase of electrolyte
concentration (22 M) causes a considerable deviation from
that ideal behavior, eventually leading to the disappear-
ance of the Ca?*-induced calorimetric splitting. This
behavior cannot be fully explained by our model which
neglects any interaction between theions. The assumption
that the activity coefficients are always unity is valid for
dilute solutions but becomes questionable at high con-
centrations.

Taking together the present results, the competitive
influence of nonionic polymers and electrolytes at charged
interfaces seems to be a well-established effect. However,
much work has to be done both on the theory side (mainly
by avoiding the perturbation expansion of the Poisson-
Boltzmann equation?) and on the experimental side.
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