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ABSTRACT: Aqueous dispersions of phosphatidylglycerol (PG)
lipids may present an anomalous chain-melting transition at low
ionic strengths, as seen by different experimental techniques such as
calorimetry or light scattering. The anomaly disappears at high ionic
strengths or for longer acyl-chain lengths. In this article, we use a
statistical model for the bilayer that distinguishes both lipid chain
and headgroup states in order to compare model and experimental
thermotropic and electrical properties. The effective van der Waals

fluid

disordered
headgroups

anionic-lipid
vesicle ordered charged headgroups

interactions among hydrophobic chains compete with the electrostatic repulsions between polar headgroups, which may be ionized

(counterion dissociated) or electrically neutral (associated with

counterions). Electric degrees of freedom introduce new

thermotropic charge-ordered phases in which headgroup charges may be spatially ordered, depending on the electrolyte ionic
strength, introducing a new rationale for experimental data on PGs. The thermal phases presented by the model for different chain
lengths, at fixed ionic strength, compare well with an experimental phase diagram constructed on the basis of differential scanning
calorimetry profiles. In the case of dispersions of DMPG (dimyristoyl phosphatidylglycerol) with added monovalent salt, the model
properties reproduce the main features displayed by data from differential scanning calorimetry as well as the characteristic profile
for the degree of ionization of the bilayer surface across the anomalous transition region, obtained from the theoretical interpretation
of electrokinetic (conductivity and electrophoretic mobility) measurements.

1. INTRODUCTION

Most model membranes composed of zwitterionic (neutral)
phospholipids, such as PC (phosphatidylcholine), present a
sharp gel—fluid (order—disorder) transition related to the dis-
ordering of the apolar hydrocarbonic chains, usually called the
main transition." ® A wealth of data and the corresponding
rationale are available for this class of model lipid membranes.
Much less is established with respect to charged-lipid model
membranes.”®

The numerous papers on the topic attest to the vital impor-
tance of the lipid-chain packing to membrane function” and drug
development.'” The possible relevance of chain melting in
relation to the permeability of membranes to ions and small
molecules, through the formation oflipid pores,11 and the relation
to protein channels is an open question.'” The melting regime has
been thoroughly investigated, both experimentally and theoreti-
cally, for neutral lipids. However, in spite of the large amount of
data on charged-lipid membranes,”® a satisfactory microscopic
theory has not yet, to our knowledge, been given. Because the
anionic phospholipid PG (phosphatidylglycerol) and its dimer-
ized form, DPG (diphosphatidylglycerol, also called cardiolipin),
constitute the major components of the cytoplasmic membranes
in Gram-positive bacteria,"® as, for example, in Staphylococcus
aureus, we understand that filling this gap is of primary interest.

The chain melting of charged-lipid bilayers may display some
peculiar properties. In the case of lipids containing polar head-
groups that may undergo ionic dissociation such as anionic PG,"*

the main transition may be followed by anomalous profiles of
various properties, depending on the acyl-chain length, lipid
concentration, pH, and ionic strength, as seen from several
experimental techniques, such as small-angle X-ray scattering
(SAXS),">*® electronic sgin resonance (ESR)," 2! fluores-
cence spectroscopy (FS),** light scattering (LS),”> >° optical
microscoggf of giant vesicles,'®'7** electron microscopy
(EM),*"* and differential scanning calorimetry (DSC).2+ %
The anomalous behavior may extend through a range of tem-
peratures. Henceforth, we shall refer to this wide thermal interval
as the anomalous transition region (ATR).

To understand the origin of this peculiar behavior in PGs, it is
natural to consider, preliminarily, the topology of the sponta-
neously formed anionic-lipid aggregates, in view of the rich
polymorphism that may be observed in single-component as
well as in mixed-lipid aqueous dispersions.’ It has been experi-
mentally established*>*” that the self-assembled supramolecular
structures of the saturated diacyl phospholipids depend on the
hydrophobic acyl-chain length and on the polar headgroup. As an
ordinary rule, short-chain homologues of these lipids form
micelles, which in turn may be spherical or cylindrical, whereas
longer-chain homologues form bilayers. In the specific case of the
saturated diacyl anionic PGs, the shortest acyl-chain length that
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supports bilayer structures corresponds to DLPG® (12
carbon atoms long34). Extensive studies on the DMPG
ATR!'#22243536 onfirm this general picture, providing ex-
perimental support for the stability of closed-bilayer aggre-
gates. Henceforth, we will assume that sufliciently long acyl
chain PGs in aqueous dispersions self-assemble, even along
the ATR, in unilamellar vesicles.

The presence of charge undeniably plays a role in the thermal
behavior of these systems. For low ionic strengths, this wide ATR
is observed in the case of saturated diacyl anionic lipids of
sufficiently short acyl-chain lengths, such as DLPG and DMPG,
whereas for lipids of longer chains, such as DPPG, it becomes
very narrow” >’ >? and disappears completely for still longer
chains, as in the case of DSPG. Additionally, DSC and LS data
show that the behavior of zwitterionic lipid aqueous dispersions
is recovered at high-ionic-strength conditions.*'**”7*°~** The
salt screening and its effect on the aggregation behavior is well
known in the case of micelles,** although ion-specific effects
also come into play.*® Furthermore, experiments on the con-
ductivity of DMPG aqueous suspensions show substantial
increases in the region of the broadened DSC peak,”>*° which
constitutes a strong indication of the important role played by
charges in the ATR.

Coulomb interactions have been considered in the study of
the phase po!éfmorphism of charged-lipid Iyotropic phases.*”**
Harries et al.* have analyzed the transition between two fluid
phases of charged multilamellar systems, treating the coupling
among the lateral and the electric degrees of freedom through a
model free energy comprising mean-field electrostatic and
phenomenological nonelectrostatic interactions. A similar analy-
tical treatment of these systems, combined with numerical
simulations, has been performed by Jho et al>® However,
previous attempts to explain the ATR of aqueous suspensions
of ionic dissociating lipids'®*****”°! have been, except for ref 51
only qualitative, and none have taken into account the role of
charges explicitly. Thus, to our knowledge, a fully statistical
mechanical treatment of charge effects on the order—disorder
transition of ionic-lipid model membranes has not yet been
considered.

Electrostatic effects have been considered in the investigation
of the role of the proton concentration, that is, the pH depen-
dence, in phase transitions and the titration of anionic-lipid
membranes.>> > Most of this work, however, is based on the
Gouy—Chapman model®**” of the diffuse electric double layer,
representing the Poisson—Boltzmann framework®® applied to
the planar case, in which the lipid membrane is treated as a
uniformly charged surface in electrochemical equilibrium with an
electrolyte solution consisting of pointlike ions in a continuum
dielectric medium. The membrane protonation is taken into
account by including a Stern layer®” of adsorbed or lipid-bound
protons. However, it has been known for some time™® that this
continuum approach of the surface charges cannot explain all
relevant data, the rationale of which requires taking into account
the discrete nature of the counterion adsorption to the acidic
headgroups.

Besides protonation, considerable evidence has been given for
monovalent inorganic ion adsorption to the lipid headgroups, in
particular, the adsorption of the Na" counterion to the acidic
headgroups. Earlier work on the role of pH>>** and later work on
the effects of the acyl-chain length® have assumed no Na*
binding to anionic phospholipids in aqueous suspensions. This
association, however, which is more evident at high pH and in the

absence of divalent counterions, has been supported by the
analysis of atomistic simulations on PSs®* and PGs®" as well as by
the theoretical interpretation of experimental measurements
obtained bgr several independent techniques: nuclear magnetic
resonance,®” surface potential, lateral pressure and titration on
monolayers,” % electrophoretic mobility,**®” osmotic stress,*®
Xeray diffraction,®™ 70 EM,*"7° DSC, -7 EgR 19207173
LS,”*7° BS,” forces between Langmuir—Blodgett films via a
force-measurement apparatus,’® infrared spectroscopy,”’ and
atomic force microscopy (AFM).”® The counterion adsorp-
tion to the charged membrane can be treated by combining
a Langmuir isotherm with the Gouy—Chapman theory,” al-
though the microscopic interpretation of the apparent binding
constant is a controversial issue.** According to Lyklema,®’ there
are two almost independent communities that treat the aqueous—
electrolyte interfacial problems with “chemical” or “physical”
approaches. More recently, statistical mechanical models were
introduced that were aimed at the calculation of the counterion
binding constants to the charged hea~clg1‘oups.63’82

The chain melting for neutral-lipid model membranes has
been analyzed in the theoretical literature in terms of a multiply
degenerate two-state statistical model.***” The model has also
been successful in reproducing transitions of lipid mixtures**®
and has been used recurrently for different systems and
properties,'>”° such as permeability and membrane—cholesterol
or membrane—protein interactions in the case of single-lipid
membranes or of domain structure in the case of mixtures. The
adequacy of a two-state model has gained support from a thermal
and structural study by Nielsen et al,”" which strongly suggests
an Ising universality-class critical behavior for the phase
transitions.

Evidence for counterion adsorption on lipid headgroups led us
to propose a generalization of the two-chain states statistical
model for neutral-lipid membranes, to which we added ionized
and counterion-reassociated headgroup states.”> Because of the
electrostatic repulsion among charged lipid headgroups, the
ionized (counterion-dissociated) state favors the thermody-
namic disordered acyl-chain fluid phase. Thus, the Coulomb
interaction competes with the effective van der Waals attractions,
which favor the thermodynamic ordered acyl-chain gel phase.
Therefore, one might expect the lipids to become counterion-
associated in the gel phase in order to make the area per
headgroup small, whereas the fluid phase may allow counterion
release to the surrounding aqueous solution. The result should
depend on the ionic strength because the presence of salt
screening implies a weakening of the electrostatic repulsion
among charged headgroups and also renders additional counter-
ions available to adsorption on the lipid surface. The coupling
between the acyl-chain conformation and headgroup-charge
degrees of freedom yields new thermodynamic phases in which
headgroup charges may become spatially ordered under tem-
perature variation or added monovalent salt. The checkerboard-
like ordering of charged and neutral lipids gives rise to charge-
ordered phases in which dissociated lipid headgroups form a regular
pattern on the membrane surface. An inspection of the theoretical
model calorimetric and ionization properties suggests that the
experimentally observed ATR represents a manifestation of the
existence of these novel thermotropic charge-ordered phases.

The purpose of this study is to investigate the thermodynamic
properties of the theoretical model proposed previously” in the
region of interest for comparison with experimental data on the
thermal transitions of aqueous suspensions of the anionic PGs. In
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Figure 1. (a) Possible states of individual lipid molecules together with
configurations of nearest-neighbor pairs of lipids and their effective
pairwise energy contributions to the model energy U=uN (eq 2) in each
case: (b) pairs of counterion-bound (uncharged) lipid headgroups; (c)
pairs of counterion-detached (charged) lipid headgroups, where the
cationic counterions desorbed from the acidic headgroups and released
to the surrounding aqueous solution are not shown; and (d) pairs of
neutral and charged lipid headgroups; although one of the headgroups is
charged, there is no additional Coulomb repulsion; the pairwise inter-
action energies are the same as in part b. We also show a schematic top-
view representation of the lipid headgroups, to be used later in Figures 3,
S and 8, to identify the distinct thermodynamic phases: a large empty
circle represents a fluid acyl-chain lipid, a small empty circle corresponds
to a gel acyl-chain lipid, and an internal minus sign represents a charged
(dissociated or counterion-detached) anionic lipid headgroup. Counter-
ion association leading to a neutral lipid headgroup is represented by an
empty circle without the minus sign.

—€66 —€gp

the case of DMPG, we compare model and experimental features
for calorimetric and electrical properties. In section 2, we review
the statistical model for ionic-lipid membranes proposed pre-
viously”” in appropriate language for clearness, and we also
introduce the thermal phases displayed by the model. Our main
results are presented in section 3, in which the model phase
properties are compared with those of PG suspensions, and in
the particular case of DMPG, model features are analyzed
with reference to calorimetric data as well as conductivity and
electrophoretic mobility measurements of the lipid aqueous

dispersions in the presence of monovalent salt. Some concluding
remarks are presented in section 4.

2. STATISTICAL MODEL AND THERMODYNAMICS:
CHAIN AND HEADGROUP CHARGE ORDERING

One may wonder what is the role of electrostatic interactions,
if added to hydrophobic and “entropic” acyl-chain effects? The
effective hydrophobic attractive interaction favors the gel (acyl-
chain-ordered) phase at low temperatures, whereas the entropy
of the disordered chains favors the fluid (acyl-chain-disordered)
phase at higher temperatures. Electrostatic repulsions among
ionized lipid headgroups drive them apart, thus favoring the fluid
phase. Thus, the presence of charge should lower the main
transition temperature,”* when compared to that of a homologue
chain-length zwitterionic lipid. However, a new scenario arises:
the possibility of headgroup charge ordering on the membrane
surface. The checkerboard-like ordering of charged and neutral
lipids lowers both the energy and entropy, giving rise to a
semidissociated (charge-ordered) gel phase at low temperatures,
despite the Coulomb repulsion. The investigation of the con-
sequences of the presence of charge requires that we look at a
model for these competing interactions, hydrophobic attractions
versus electrostatic repulsions.

We propose a model for ionic-lipid membranes in which
lipids on a square lattice” may have their acyl chains dis-
ordered, whereas ionizable monovalent acidic groups on the
lipid heads may dissociate and release cationic counterions
into the surrounding aqueous solution. We thus consider only
ionogenic”’ membranes that may reassociate with a single
monovalent counterion at most. Thus, each lipid molecule has
four possible states, characterized by the acyl-chain and the
headgroup states. As depicted in Figure 1a, besides the usual
(neutral) gel and fluid chain states, lipid headgroups may be
charged (counterion-dissociated) or uncharged (counterion-
associated). The effective cross-sectional areas per lipid ap and
ag for the fluid and gel states satisfy ag > ag, as represented
schematically by the large and small empty circles in the lower
part of Figure la, corresponding to a top view of the lipid
headgroups on the membrane.

Accordingly, lipid interactions are of two species: to the
usual effective hydrophobic attractive interactions among acyl
chains we add Coulomb repulsions between ionized head-
groups. Pair energies are illustrated in Figure 1b—d. Hydro-
phobic interactions are described through effective parameters
exy for X, Y indicating, individually, either gel (G) or fluid (F)
states.

The Coulomb repulsions for the ionized headgroups are
treated in terms of an electrostatic potential energy V = V/d
dependent on the intermolecular distance d;;, with strength

ijy
ijy

62

v

4megew (1)
where e is the electron charge, &, is the permittivity of the
vacuum, and &y is the water dielectric constant. As represented
schematically in Figure 1c, the distance d;; depends on the state of
the neighboring lipid particles and is taken as dgg = (ag)"?,
dee = (ap)? or dgr = [(ag)"* + (ar)"/*]/2 for nearest-
neighbor pairs in the gel—gel, fluid—fluid, or gel—fluid states,
respectively.

The model energy density per lipid,"”" «= U/N, for a membrane
containing N lipid molecules, including all of the effective interaction
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energies presented in Figure 1b—d, is

U = — EGGNGG — EFFNFF — EGENGF
(P | "Mrr e
(e ) ®
where nxy is the number density of lipid pairs in the XY pair
states, regardless of their headgroup charge states, with XY =
gel—gel, fluid—fluid or gel—fluid and nxy being the analogous
number density when both lipids in the pair are charged. We thus
consider only the electrostatic interactions among nearest-
neighbor pairs of charged lipid headgroups, neglecting the
contributions arising from charged-lipid pairs located at longer
separations.
The model lipid surface may suffer area changes as well as
ionization variations depending on the temperature T and bulk

salt concentration. Thus, we need to introduce the membrane
area per lipid

a = ngag + npag = ag — ngAa, Aa = ag —ag >0
(3)

in which ng and ng are, respectively, the number densities of gel
and fluid particles regardless of their headgroup charge states and
the membrane surface charge number density (or degree of
dissociation)

o =ng + ny (4)

in which ng and ng are, respectively, the number densities of
charged gel and charged fluid particles.

To obtain the model thermal properties, one must sum over all
possible acyl-chain and headgroup lipid states. In this case, it is
easier to obtain the statistical properties by considering the lipid
membrane under an external applied lateral pressure IT and in
contact with a reservoir of counterions. The latter represents the
electrolytic aqueous solvent and may be described through the
counterion chemical potential .. Thus, the counterion chemical
potential, which is dependent on the quantity of added salt,
controls the density of adsorbed (or lipid-bound) counterions,
np, which partially neutralize the otherwise fully charged lipid
headgroups on the membrane. Co-ion adsorption is neglected
because of the strong electrostatic repulsion among the charged
acidic headgroups and the like-charged anionic co-ions. The
adsorbed counterion density ny, is complementary to the density
of charged lipids on the membrane and thus must satisfy the
normalization condition

m +ng +ng =m +a=1 ()

The fewer counterions that are associated at the lipid membrane,
the larger the number of remaining ionized headgroups and the
net surface charge of the membrane with N lipids, Q = —Na|e|,
which yields a net surface charge density of 0 = —ae|/a.

Area and surface charge are controlled, respectively, through
lateral pressure IT and counterion chemical potential y. and
compose part of the appropriate thermodynamic potential per
particle, which is written as

w(T’ H’luc) = <u - TS + Ha *‘ucﬂb> (6)

where s is the model entropy per lipid and the brackets denote
ensemble averages, defined below. This potential is obtained
from the calculation of the associated partition function

Ex (T, IL u) = exp[fﬂNl/)(T I1, u.)], which reads

{% N~ ) xp[—Nf(u + Tla — u.ny)]

'—'N T H,‘MC

(7)

with = (ksT) " and 3y, denoting a trace over all possible 4"
lipid acyl-chain and lipid headgroup configurations {X}. In this
expression, the entropy associated with the lipid acyl-chain
rotamers of the disordered fluid state is decoupled from
other degrees of freedom. Parameter w represents the highly
degenerate configurations of the diacyl chains in the fluid
state of a single lipid molecule. The ensemble averages of any
observable () are also calculated with the same Boltzmann—
Gibbs factors,

(X)) zgiz (X} =)

x exp[~NB(u + Tla — )] (®)

To establish the possible ordered phases presented by the
model system, it is interesting to analyze the ground-state
potential (eq 6) at zero temperature (T = 0, I, u.), as
illustrated in Figure 4 of ref 92. It is convenient to define the
dimensionless thermodynamic parameters and interaction en-
ergies as

d a
J= 1/—F>1,]E ecg + €rr — 2&gr > 0,
dea ag

ks T Vv
tEB—>O, //LE&,’UEL>O,
J J Jdge
2ITAa + Ae
p = 4] y Ae = 4(8(;(; —81:1:) >0 (9)

The analysis yields six stable phases: at high salt content,
u > 0, the usual gel and fluid phases for a neutral membrane
are predicted. These two usual phases are characterized by
ng =1,ng =0and ng = 1, ng =0, respectively. At very low ionic
strength, 4 < —v, 4 < —4p — v, or 4t < —Av (depending on the p
value, see Figure 4 of ref 92), the gel and fluid phases occur for a
fully charged membrane with ng = 1, ng = 1 and ng = 1,
ng = 1, respectively. For intermediate added salt concentration,
new gel and fluid phases for a membrane with charge-ordered
headgroups arise. Charged headgroups organize in a checker-
board fashion, and the corresponding densities are nG =Lng="/
for the gel charge-ordered phase, and ng = 1, ng = 1/, for the fluid
charge-ordered phase. The more ordered gel phases of the three
distinct types (associated neutral, semidissociated charge-ordered,
and fully dissociated) are present at high enough lateral pressure,
as expected. For lipid monolayers, most of the low-temperature
fluid-phase region may be considered to be unphysical because it
corresponds to negative values for the lateral pressure IT.

The model system thermal properties may be obtained
through a mean-field Bragg—Williams approximation.'®>'%?
This consists of writing the number densities of lipid pairs
{nxy} and {nyy} in terms of the number densities of iso-
lated lipids {nx} and {ny}, that is, by neglecting pair correlations
and writing

nxy = 2(nx(ny) + (mxny — {nx)Xny))

2zl + (apymr — (o)) (10)
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Figure 2. Schematic representation of a small portion of one leaflet of
a bilayer membrane, displaying its subdivision in two interpenetrating
square sublattices, labeled by v = 1 (shaded sites) and v = 2 (unshaded
sites). So as not to overcrowd the figure, only one of the lipid
molecules that comprise the monolayer was drawn. Assuming only
nearest-neighbor pairwise interactions, a lipid in the v = 1 sublattice
interacts only with neighboring lipids in the ¥ = 2 complementary
sublattice.

where the factor of 2 represents half of the coordination number
¥ = 4 of the square lattice. Note that under this approach the
effective model energy per lipid, u — kgT(1 — ng) Inw + ITa —
Uy, becomes linear in lipid densities {nx} and {nx}, which
allows an exact evaluation of the partition function (eq 7) and of
the ensemble averages (eq 8). Therefore, under this mean-field
approximation, a particular microstate X of the model system is
defined through variables ng, ng, and ng, which are the overall
density of particles in the gel state and the densities of charged
particles in the fluid and gel states, respectively. The number
density of acyl chains in the fluid state is given by ng = 1 — ng
because of particle conservation.

To obtain a mathematical description of the checkerboard-
like charge-ordered headgroup phases, it is necessary to divide
the planar membrane into two interpenetrating sublattices, as
depicted in Figure 2 for the square lattice. The two sublattices are
indexed as ¥ = 1 and 2, and the pair number densities in eq 2 must be

replaced by
nGG ~ NMG,G,y NFE ~ NEF, NGF ~~ NGF, T NEG, (11)

with analogous expressions for {nxy}, after which one may
proceed with the Bragg—Williams approximation (eq 10) in
terms of the lipid densities {ny } and {ny } in each sublattice.
The average surface-charge density () is defined on each
sublattice through parameters (a); and {@),. Charged headgroup
order is then present for (@), # {@),. The division of the lipid
surface into sublattices also introduces the sublattice averages for
chain states, described through (ng), and for the remaining
densities that define the thermodynamic state, {1z ), and {ng),.
These are formally defined by eq 8 applied to observables ng,
ng , and ng on sublattice v, respectively.

Standard statistical mechanical methods presented in detail
elsewhere®” yield the following molecular thermodynamic free-
energy functional'™ for lipids on a square lattice

= == Tt + 2o
t I v, _ _ U B
~5 % B3O + )
A
S e + )| @)

with dimensionless parameters defined by eq 9. The single-site
effective partition function of sublattice ¥ = 1 reads

=y S0 (13)

{x} ev=1

with associated Boltzmann weights ﬁqa,(}) given by

Aol =0 (14)

poll) = 2 2(2nc) — 1)

. ; —lnw (15)

par) = - %(“F)Z N %W)Z) e

Av 2

el = gl 4~ (G + i en) ()
where Boltzmann weight indices F° G°% F,and G indicate the
four possible states {x} of a single lipid: a neutral fluid, a neutral
gel, a charged fluid, and a charged gel, respectively. The single-
site effective partition function &, of sublattice ¥ = 2 is obtained
by switching the sublattice labels 1 —2 and 2 — 1 in eqs 13—17.
The method also leads to the following equations of state for
sublattice v = 1 averages for lipid-chain order, charged-head-
group fluid order, and charged-headgroup gel order:

Sro 4 el - 44 (o) S
(= {ngh =
& LT g

<”G>1 =

(18)

The equations of state for the thermal self-averages of sublattice
v = 2 are obtained by switching the sublattice labels 1 — 2 and
2—1lineqgs 13—18.

A detailed presentation of the solution to eqs 13—18 and the
respective analysis have been given elsewhere.”” Different sets of
thermal phases may be obtained depending on the model system
parameters. In this study, our aim is to compare the thermo-
dynamic model features with experimental results for aqueous
dispersions of the anionic-lipid PGs in the presence of monova-
lent added electrolyte.'**>*>~>73 As discussed in the Introduc-
tion, PGs may display an ATR beyond the gel—fluid main
transition, with anomalous specific-heat profiles,'***™*° low
turbidity,”*** high electrical conductivity,”**° and high
viscosity.””*° This experimental ATR and its associated proper-
ties disappear under the addition of salt>'**”**~* and are absent
for long enough acyl chains,””*”~*" for which the large hydro-
phobic attraction renders the electrostatic repulsion negligible.

Thus, our interest lies in model systems that present a low-
temperature neutral gel state as well as the special charge-
ordered gel and fluid phases. We therefore choose to look at
high enough lateral pressure I, so that the gel phase is the low-
temperature phase with respect to acyl chains, and seek para-
meters that guarantee that the electrostatic repulsion V/dxy
competes with the hydrophobic attraction J. General features of
the model system thermal properties under the conditions we
just described , i.e., p > (A — 1)v/4 and large enough v, are
presented in Figure 3.

Figure 3 illustrates the possible phases at different ionic
strengths ¢ of the lipid bilayer as reduced temperature ¢ is varied.
As can be seen in the figure, the presence of the lipid-chain
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Figure 3. Typical mean-field phase diagram y X t for strong electro-
static—hydrophobic competition parameter v, keeping parameters p, 4,
and o fixed. Solid lines are continuous transitions, whereas dashed lines
represent discontinuous transitions. The small black circles represent critical
end points, where lines of discontinuous transitions meet at the ending of a
line of continuous transitions. The cartoons in the different regions of the
phase diagram represent the headgroup and acyl-chain configurations of the
corresponding ground-state structures using the schematic top-view repre-
sentation introduced in Figure 1. As discussed in the main text, in the shaded
region the charged bilayer is unstable; therefore, this portion of the phase
diagram may be considered to be inaccessible and unphysical.

gel—fluid main transition (dashed line) is independent of ionic
strength,'%® but its associated temperature t,, (or t2 for inter-
mediate values of 1) decreases as the added salt concentration
diminishes. This is in agreement with the exgerlmental behavior
for charged lipid aqueous suspensions'*****~>7% and is to be
expected”* because in the absence of enough counterions the
charged headgroups favor acyl-chain disordering.

Headgroup-charge order arises at intermediate ionic strengths:
the main (chain) transition at #;, takes place inside the charge-
ordered headgroup phase and is accompanied by an enhancement
of surface charge, as will be shown later in Flgure 6. Charged
headgroups disorder at higher temperatures 2% beyond the main
transition at f,. Thus, in this region of the ionic strength X
temperature phase diagram, a sequence of two transitions'® is seen
as the temperature is raised: the main chain gel—fluid transition at
to, with latent heat, and a smooth, continuous charge-disordering
transmon at f, . As we suggest in the next subsection, this sequence
of transitions might be a possible interpretation of the experlmen—
tally observed ATR of shorter-chain PGs at low ionic strength.'*
Note that the double transition disappears at higher salt concentra-
tions, similar to that observed in experiments with aqueous suspen-
sions of PGs.>!+>740~43

At still lower ionic strength, the membrane might be com-
pletely dissociated and the main chain transition takes place at
comparatively lower temperatures, with no headgroup-charge
order. The latter phases may, however, be physically inaccessible
because the membrane structure may become unstable in the
presence of excessive charge, as we argue below.

An important point to note is that a completely charged
membrane with ng = 1 might be unstable, depending on the
value of v. For the lipid aggregate, which constitutes the bilayer
membrane, to exist, a net attractive model _energy density u is
needed. From eq 2, this requires egg > V/dgg for the fully
charged surface or equivalently (see the definitions in eq 9)

8GG
/1 19
i (19)

However, if the net interaction |u] is very small, then the charged
membrane might disaggregate before the acyl chains disorder. In

other words, for a gel —fluid transition to be present in the case of the
ng = 1 membrane, the transition temperature T, should be lower
than the disaggregation temperature T gi,q, which is proportlonal to
|u|. The latter relation may be obtained by a lattice-gas model'”’
which the fluid phase is associated with a void-rich, loosely packed
state. The above reasoning allows us to consider the lower shaded
portion of the phase diagram of Figure 3 to be unphysical.

3. COMPARISON OF RESULTS: THEORY x
EXPERIMENTS

The charged-lipid aqueous dispersions of anionic PGs may
present a broad DSC peak at low ionic strength, depending on
the chain length.””*”~*° When it is present, the broadening of
the DSC peak reflects structural changes that, in turn, influence
the optical as well as transport properties that also display
anomalous properties in the transition region.

In the following text, we undertake a detailed comparative
study of the thermal and electrical properties of the model system
and those experimentally measured on aqueous suspensions of
anionic-lipid DMPG in the presence of monovalent coun-
terions."* The thermal behavior of the theoretical model depends
on a set of five parameters: the ratio of the area per lipid
headgroup in the fluid and gel phases A* = ap/ag, the fluid
acyl-chain entropy w, the effective hydrophobic interaction J, the
effective lateral-pressure parameter p, and the ratio v of the
electrostatic to hydrophobic interaction parameters. The value of
the lipid area ratio is well established for the zwitterionic PCs
(Table 2 in Section 3.4) on the basis of estimates of their cross-
sectional areas per lipid in the gel'® and fluid'® phases,
ac = 47.3 A* and ap = 60 A2, respectively, which yields 4 =
1.126. For the remaining parameters, we proceed as follows: (i)
the hydrophobic interaction parameter J, the chain entropy w,
and the effective lateral-pressure parameter p are obtained
through fitting our model properties to ESR experimental data
at high ionic strength, as described in the following subsection;
(ii) the electrostatic—hydrophobic competition parameter v is
then estimated by considering monovalent acidic headgroups
and the water dielectric constant. The phase diagram with
estimated and fitted parameters is presented in section 3.2, and
the description of membrane ionization and the specific-heat
profile are given in section 3.3. After this detailed comparison
with DMPG, we explore the effect of acyl-chain length on the
ATR in section 3.4.

3.1. Estimation of the Model Parameters from ESR Experi-
mental Data in the High-lonic-Strength Limit. Here we
estimate model parameters , J, and p from the thermotropic
behavior of the DMPG aqueous dispersions in the regime of high
salt concentration, for which the experimental system displays
behavior entirely analogous to that of neutral membranes. In
the latter case, the thermal phase of the theoretical model is
described by the single order parameter (ng), which is related to
chain order and mobility.

From the standpoint of the theory, the limit of strong
electrostatic screening corresponds mathematically to u,, — oo.
In this limit, eqs 13—18 yield null membrane ionization, and the
system is fully described by the single order parameter for the
fraction of lipid chains in the gel state (ng). Equations 18 with
1 — oo yield (ng ), = (ng)» = 0 and

(na) = %[1 + tanh(% + %—%lnwﬂ (20)
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Figure 4. Temperature dependence of the ratio between the amplitudes
of the low- and central-field resonance lines y = h,,/hy measured
experimentally on the ESR spectra of 0.2 mol % 16-PCSL incorporated
in 10 mM DMPG in 10 mM Hepes buffer at pH 7.4 and a high salt
concentration of 100 mM NaCl (filled squares). The solid line repre-
sents the best nonlinear theoretical fitting by using eqs 20 and 22. The
fitted values found are y,i, = 0.3448065, Yoy = 1.12095647, » = 6708,
and t,, = #(T = 22.4 °C) = 0.9953856, with the two latter to be used in
further calculations. The inset displays in more detail the region in the
vicinity of the first-order transition at Ty, = 22.4 °C, associated with the
presence of a characteristic van der Waals loop. Because the fitted
reduced temperature t,, is very close to the critical one (at the mean-field
level) of t. = 1, the van der Waals loop is hardly noticeable.

In this high-salt-content limit, the main transition temperature t,,
between the (ng) 7 0 gel phase and the (ng) = 0 fluid phase is
related to the coexistence lateral-pressure parameter p,, through
the relation

o = %‘“mw (21)

which can be deduced from an inspection of eq 20. The relevance
of this relation as a check on the fitted parameters will be seen in
the following text. Equation 20 also yields a limiting (critical)
temperature f.;; = 1 at which the latent heat would become null.
From a theoretical point of view, coexistence between the gel and
fluid phases may be present up to the critical point t.; = 1,
beyond which phase transitions no longer occur.

In the case of monolayers,>~*%%?199110 thi relation yields the
lateral pressure IT,,, at which headgroup areas change abruptly for
a given temperature. For bilayer vesicles, the lateral pressure is
not a controllable parameter, but its value at the transition may be
obtained through theoretical modeling''" and fitting to experi-
mental data. There is evidence, however, that monolayers and
bilayers are equivalent at a lateral pressure IT of between 30 and
35 mN/m,""* which would correspond to the tension-free state
normally found in extended lipid bilayers. This homology validates
the use of a model that represents a single monolayer in order to
describe the properties of unilamellar vesicles.

Experimentally, the fraction of lipids in the gel state (ng) is not
directly accessible. However, acyl-chain mobility is a related
property that can be obtained by ESR measurements from spin
labels incorporated into the lipid bilayer. There are several
choices of experimental parameters to quantify this property,
but a particular one adopted in previous work,'*'* due to the
accuracy of the measurements and its sensitivity, is the ratio
y = hy,/hy between the amplitudes of the low-field and the
central-resonance lines measured on the ESR spectra, as pre-
sented in Figure 4. A highly anisotropic ESR signal associated
with small values of y indicates the predominance, in the bilayer,

of lipids in the gel state, whereas an isotropic signal coupled to
values of y close to unity can be explained by a higher mobility of
the spin-label probe due to the major presence of lipids in the
disordered fluid state.

We assume, for simplicity, a linear relationship between the
theoretical fraction (ng) and the experimental ratio y:

() = 1 + <1 Ji - 1) (yﬁ) (22)

This simple expression yields the expected asymptotic limits
(ng)— 1 for y— ymin (low temperatures) and (ng) — 1/(1 + ®)
for y = Ymax (high temperatures).

Equations 20 and 22 are used to fit the experimental data
measured on the ESR spectra of 0.2 mol % 16-PCSL incorpo-
rated into 10 mM DMPG in 10 mM Hepes buffer at pH 7.4
at a high salt concentration of 100 mM NaClL'® and the main
transition tem&)erature Tm = 224 °C is taken from DSC
measurements. *'* The result of the fitting procedure is shown
in Figure 4 and leads to the following set of best-fit para-
meters:'" ym = 0.3448065, yma = 1.12095647, @ = 6708,
and t,, = (T = 224 °C) = 0.9953856. It is noteworthy that
the fitted reduced temperature of the transition f,,, is very close
and slightly below the critical temperature f.; = 1, a fact that
has been pointed out previously.*”"''* The gel—fluid coex-
istence lateral-pressure parameter p,, and dimensionless tem-
perature t,, are related by eq 21, which yields p,, = 4.38524.
In view of the evidence of the monolayer—bilayer equivalence
at a lateral Ipressure in the restricted range of 30 mN/m < IT <
35 mN/m,""* we assumed p = p,,, to be constant throughout the
experiments.

The consistency of the above fit to the ESR data can be
checked with independent measurements for the enthalpy
obtained from calorimetric experiments. The Clapeyron
equation'"® for the gel—fluid pressure—temperature coexistence
line is written as

dir\  AH (23)
dT ) Twha

Applied to our expression for the coexistence pressure parameter
Pm (eq 21), this yields a variation in enthalpy for the transition
given by AH = kT,,, In w. Thus our fitting for the acyl-chain
order parameter behavior to ESR data leads to a latent heat of the
gel—fluid transition of AHg, = kg Ty, In @ & 5.175 kcal/mol. This
value may be compared to the transition enthalpy AH.,
obtained from DSC'* for DMPG suspensions under high-
ionic-strength conditions (100 mM NaCl), AH,,, = 5.7 £ 0.8
kcal/mol, which does not differ much from the data at low ionic
strength (6 mM NaCl), AH,,, = 5.2 £ 0.8 kcal/mol. These
values are consistent with the experimental data on homologue
zwitterionic lipid suspensions,” more specifically, DMPC multi-
lamellar vesicles and DMPC small (<100 nm) unilamellar
vesicles that yield, respectively, T, = 23.6 & 1.5 °C, AH,,, =
6.0 £ 2.4 kcal/mol and Ty, = 22.2 + 2.0 °C, AH,, = 4.1 £ 0.9
kcal/mol. All of these experimental estimates compare very well
to the above value of enthalpy obtained from the independent
fitting of eqs 20 and 22 to the ESR experimental data, AHg, ~
5.175 keal/mol.

3.2. DMPG Phase Diagram. Aqueous dispersions of anionic-
lipid DMPG in the presence of monovalent added electrolyte'*
have been extensively investigated, and from the experimental
data on calorimetric as well as optical, electrical, and viscosity
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Figure 5. Comparison between (a) the theoretical mean-field phase
diagram in the 4 X T plane for p = 4.38524,4 = 1.126, ® = 6708, and v =
4.2 and (b) experimental ATR data for 10 mM DMPG in 10 mM Hepes
buffer at pH 7.4 for several ionic strengths: TS" (M) and TS (#). The
meaning of the symbols in part a is the same as described in the caption
of Figure 3. Counterion number densities [Na'] in part b were
normalized to 1 mM. Empty squares () and empty diamonds ()
for the two lowest counterion concentrations are data considering the
additional contributions arising from the DMPG partial dissociation, as
explained in the main text.

properties, one may draw an ionic strength X temperature phase
diagram. To compare it to the theoretical model phase diagram,
besides the fitted values found in the previous subsection, we need
to fix the fluid—gel area ratio 4 as well as the electrostatic—
hydrophobic competition parameter v. For the area-ratio parameter,
we set A = (ap/ag)"/? = 1.126, as already explained in the
introduction to this section. The choice of the electrostatic—
hydrophobic competition parameter v is more delicate because
one may expect deviations from the bare unscreened Coulomb
form Vpye = 4V /Jdgp = 4t (Is/dr) (Troom/ Ten), where Iy = €2/
(4weoewkpTroom) ~ 7.15 A is the Bjerrum length116
at room temperature Tyoom = 298.15 K. Thus, one obtains
Upare ~ 3.7075 by using the main transition temperature T, =
22.4 °C taken from DSC measurements,'*" its fitted reduced
value t,, = 0.9953856 from ESR data, and the estimate for the
distance between headgroups in the fluid phase of DMPC,'*”
dpr = (aF)l/2 =7.75 A; see also Table 2. However, among other
neglected effects,""” the local dielectric constant should be
smaller than that of bulk water &y, so we set a somewhat higher
value of v = 4.2, which allows the double transition to be present
in the phase diagram, in accordance with the ATR of the
experimental data.

Figure Sa displays the system dimensionless chemical potential
of counterions 4 = /] versus temperature T theoretical phase
diagram for the above model parameters. For comparison, the DSC
experimental data for the limits of the ATR, Ty and T are
presented in Figure Sb for different added monovalent salt
(NaCl) concentrations. The data displayed in Figure Sb are
reorganized from DSC measurements on DMPG at different
ionic strengths.'* The two limiting temperatures correspond to
the temperature of the main DSC peak (Tpm) and to the
temperature at which the shoulder ends (TS). In the graph,
the two temperatures, Ty and T°% are associated with the
respective sodium ion concentration, which is represented in
terms of the ideal gas expression for the chemical potential of
counterions, 4 = u./] = tIn [Na"], where [Na"] is the counter-
ion number density. At salt concentrations much higher than the
anionic-lipid densities, there are two main contributions to the
[Na™] counterion concentration: Na* ions come from added salt

Table 1. Temperature Range Associated with the ATR,

Toy < T < Ty, Obtained from DSC Profiles for a 10 mM
DMPG Aqueous Suspension in 10 mM Hepes Buffer at pH 7.4
and Several Nominal NaCl Concentrations'**

NaCl (mM) [Na'] (mM)* ) o (°C)
6 18.05 33.55
9 187 30.5
10 14 19.9 26.8
20 24 202 262
50 54 217 24.05
70 74 21.95 235
100 104 224
250 254 22.7
500 504 232

“ Differences between the first and second columns are due to 4 mM
NaOH present in the Hepes buffer at pH 7.4. ” See also corrections to
these values, due to DMPG partial dissociation, in the main text.

and from NaOH in buffer. Experiments were performed at
different salt concentrations'>® and at 10 mM Hepes buffer at
pH 7.4 (adjusted with 4 mM NaOH). The data (full symbols)
displayed in Figure Sb are presented in Table 1.

For the two lowest salt concentrations (2 and S mM NaCl), a
second set of data was obtained (empty symbols in Figure Sb).
The [Na*] concentration was calculated by adding counterions
steming from the partial dissociation of DMPG, [Na*], =
[PG ] = (a)[DMPG]. This excess density was calculated from
the profile of the experimental degree of ionization () across the
ATR obtained in ref 123 from conductivity and electrophoretic
mobility data. By taking the product of the lipid density and the
values of the degree of ionization at the two limiting tempera-
tures, at each salt density, one obtains for 2 mM NaCl, [Na"] =
8 mM at T3 and 9.2 mM at T°F and for S mM NaCl, [Na*] =
10.2 mM at T°" and 11.8 mM at T3 These values are not
shown in Table 1, but are plotted in Figure Sb: O for Ty, and
¢ for Tﬁff. It can be seen that when the ion densities are
comparable to or even smaller than the lipid concentrations,
variations in the fraction of adsorbed counterions can lead to
significant changes in the bulk counterion concentration.

The similarity between the two phase diagrams is remarkable:
the main transition temperature Ty, (in theory) and the onset of
the ATR, Ty (in the experiment), increase slightly with salt
concentration, whereas the temperature at which charge dis-
orders (in the model), analogously with temperature TS (in the
experiment), associated with the end of the ATR, decreases less
moderately. At higher salt concentrations, a single first-order
transition between the neutral gel and the neutral fluid phases is
present, both in theory and in the experiment.

3.3. Model Thermodynamics: Specific Heat ¢, and Degree
of lonization (). In aqueous suspensions of lipids with zwitter-
ionic headgroups, the main transition associated with the dis-
ordering of lipid acyl chains is characterized by a sharp peak in the
DSC profile. A distinguishing feature of the ATR observed in the
case of saturated short-chain ionic lipids is the broadening of the
DSC peak, which develops into a shoulder at low ionic
strengths.'*** Correlated with this complex DSC Eroﬁle, there
is an increase in the conductivity of the suspension.”>*° A recent
study that adds electrophoretic mobility data to the study of
conductivity® yields a profile for the degree of the ionization of
the lipid aqueous dispersion that presents a steep rise at the main
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Table 2. Main-Transition Data for Saturated Diacyl PC Lipids,” Except for the Second Line (Saturated Diacyl PGs)

chain length M 12 (DL) 14 (DM)
T (°C)° ~19+ 14 236+ 1.5
T,(°C): PGs" -2 24

AH (kecal/mol)® 21+ 1.1 6.0 £24
ag (AH)'® 47.3° 47.3°

ap (A% 56.7 at 10 °C 60 at 30 °C
Inw 3.896 10.175
P=Pm 1.948 5.087

yl 1.095 1126

v 4.726 4.2

“ For all data dependent on t,,,, we used the critical value £, =t = 1.
strength conditions, 0.1 M NaCL>'** ¢

16 (DP) 18 (DS) 20 (DA) 22 (DB)
413+ 18 545+ 1.5 653+ 15 73.6 £ 2.1
415 54.5 65
82+ 14 104 + 1.6 13.3 +2.5 15.8 2.8
473 4+ 03¢ 473405 47.6 02 476 + 02
63.3 at 50 °C 66 at 65 °C 69.3¢ 7242°
13.123 15973 19.775 22.930
6.561 7.986 9.887 11.465
1.157 1.181 1.207 1.233
3.858 3.626 3426 3272

Mam transition temperature of saturated dlacyl PGs at pH 7.4 under high-ionic-
Gel areas obtained by extrapolatlon Comparison to DPPG gel area ag = 48 A> measured at 20 °C, pH 8.0, and

1.5 mM KCL."*° “Fluid areas obtained by a linear- -fitting extrapolation of the previous four points: ap(A*) = 38.1 + 1.56 M.

Figure 6. Thermal averaged degree of ionization {c) as a function of the
temperature T for 4 = —1.5 (top) and —1.2 (bottom). Values of the
remaining parameters are p = 4.38524, A = 1.126, w = 6708, and v = 4.2.
Note the discontinuous chain-melting transition between two charge-
ordered phases at Ty, and the continuous charge -disorder transition of
the fluid phase at higher temperatures T,

transition, followed by increasing dissociation across the ATR, at
the end of which its degree of ionization diminishes substantially.

It is then worthwhile to investigate these properties in the
theoretical model system and compare them with the corre-
sponding experimental profiles. As we show below, the statistical
model reproduces some of the features of the experimental
calorimetric and ionization-profile behavior of DMPG disper-
sions in the intermediate-salt-concentration region of the phase
diagram shown in Figure S, at which charge-ordered phases arise.

As for the model system, the predicted degree of ionization {c)
corresponding to the thermal average of eq 4 is shown in Figure 6.
It rises discontinuously at the main transition Ty,, continues to
increase smoothly, and declines after a maximum down to an
inflection point assoc1ated with the second-order charge-disor-
dering transition T2, A comparison of experiment and theory
suggests the following interpretation for the ATR: at low
temperatures, the ordered-chain phase also imposes headgroup
charge order to lower the electrostatic energy. Thus, the entropy
of the acyl chains and of the adsorbed counterions remains low.
As the chain-disordering temperature Tj, is attained, the head-
group separation increases abruptly, allowing for higher head-
group ionic dissociation as indicated by the steep rise in the
ionization density (a). The latter phase, however, keeps the
charge-ordered pattern up to a higher temperature T2 at which
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Figure 7. Specific heat at constant lateral pressure in units of kg as a
function of the temperature T for several values of the counterion
chemical potential . The curves corresponding to different values of
were shifted for clarity. Values of the remaining parameters are p =
4.38524, A = 1.126, w = 6708, and v = 4.2. The arrows indicate the
position of the second-order phase-transition temperature associated
with a discontinuity in the spec1ﬁc—heat profile, which we interpret as the
experimentally measured To associated with the end of the ATR.

the charge order disappears smoothly. The broad ionization peak
is thus associated with the charge-ordered headgroup fluid phase.

A second feature worth examining is the displacement of the
curves for the degree of ionization () as salt is added to the
solution. Barroso and co-workers>® have shown that as the ionic
strength is lowered the () profiles become broader, as expected,
but also higher and with a larger variation range at all tempera-
tures across the ATR interval. Model (@) follows the same trend,
as shown in Figure 6 for two arbitrary values of y, although
displaying variations that are an order of magnitude smaller than
those suggested from the analysis of the experimental data.

The model specific heat at constant lateral pressure IT and
constant chemical potential of counterions .

1 T/(os _
ke’ T ke \OT)pp,

is shown, for different salt concentrations, in Figure 7. It can be
seen that the first-order gel—fluid transition is accompanied by an
apparent divergence in c,, whereas the charge-ordered fluid phase
located above T" and below T°F contributes with a shoulder,
which disappears at the charge-disordering continuous transition
at higher temperatures, as indicated by the arrows in Figure 7.
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Figure 8. Phase diagram v X T for two values of the dimensionless
chemical potential of counterions: 4t = —1.5 (0J, A) and —2 (%, ¥). The
lipid nomenclature used on the right axis is explained in footnote 34. The
remaining parameter values for the several acyl-chain lengths are given in
Table 2. The lines are only guides to the eyes and have the same meaning
as described in the caption of Figure 3. The charge-ordered fluid phase,
associated with the ATR between T3" and T is broad for DLPG and
DMPG, very small for DPPG, and absent for DSPG and longer chains.
Note the existence of a charge-disorder continuous transition at
temperatures lower than the main transition temperature T, for long-
er-acyl-chain lipids DAPG and DBPG.

As for the evolution of the ¢, profiles as the amount of salt (1)
increases, the sharp peak at Ty, suffers a slight displacement
toward higher temperatures, whereas the temperature interval at
which the shoulder is seen shrinks and finally disappears. Both
features reproduce the trends observed in the calorimetric measure-
ments on DMPG aqueous suspensions upon increased ionic
strength:* a slow rise in the first-order main transition temperature
Tp and a less-gradual decrease in the ATR end at T

Thus, both the ionization density (@) and specific heat ¢,
qualitatively reproduce the behavior observed in DMPG lipid
aqueous dispersions. Nonetheless, the experimental DSC shoulder
is much more pronounced than the model specific-heat shoulder.
Also, the variation in the model ionization density with temperature
is an order of magnitude smaller than the range suggested from
analysis on the basis of electrophoretic measurements.'”® A
possible reason for this quantitative discrepancy could be attributed
to adjustments of the aggregate conformation arising from elastic
degrees of freedom'** as well as, to lesser extent, modifications of
aggregate morphology due to polymorphism, as usually observed
in several single- and mixed-lipid systems.>' We briefly discuss
these points at the end of section 4.

3.4. Effect of the Saturated Diacyl-Chain Length on the
ATR. In the previous subsections, we compared theoretical
results with experimental data for aqueous suspensions of the
saturated 14-carbon acyl-chain DMPG lipids. In this subsection,
we discuss the effect of the saturated diacyl-chain length on the
ATR of PGs at low ionic strength. For longer-chain lipids, such as
DSPG, the ATR associated with a broadening of the DSC profile
is absent, but for a somewhat shorter length, it may be very small,
as for DPPG, whereas for a still shorter length it may be quite
large, a few degrees as in the case of DMPG, or an even wider
temperature range for DLPG.*"?7—%

In the theoretical model, lipids with distinct acyl-chain lengths
M are affected in several of their parameters, as presented in
Table 2. Because ESR measurements are not available for all
saturated PG lipids to perform the same fitting procedure used
for DMPG in section 3.1, we will rely on known experimental
data on saturated diacyl PCs.>"*'% This substitution can be

made because in the high-ionic-strength limit saturated PGs have
the same thermodynamic properties as the homologue saturated
PCs with the same chain length®'**7*°~* a5 can be endorsed by
the coincidence of the first and second lines of Table 2.

On the basis of DSC measurements® of the main transition
temperature T, and its associated latent heat AH, it is possible to
obtain the fluid acyl-chain degeneracy, w = exp(AH/kgT,,), as
discussed previously in connection with the Clapeyron equation
(eq 23). By assuming that Ty, is very close to the critical
temperature of the system T = J/kg (at the mean-field level),
as previously suggested®>”""'* and confirmed by the fitting of
ESR data on DMPG in section 3.1, the lateral pressure parameter
may be found by p = p,, = (£n/2)In @ ~ '/, In w. The area-ratio
parameter A = (ag/ag)"/? is given directly by estimates of the
gel'®® and fluid'?” areas per lipid headgroup for saturated diacyl
PCs. Finally, instead of using the bare electrostatic parameter
Vpare = 4[5/ (ap)""*](Troom/ Tn), which is dependent on
ag and T, for each chain-length lipid, we multiply it by the same
factor used for DMPG, v = (420/371)Upe; see the discussion in
section 3.2. We may then use the set of parameters for the
different chain lengths listed in Table 2 to check the occurrence
of the ATR for aqueous suspensions involving distinct chain
length lipids.

The effect of the competition between hydrophobic attraction
and electrostatic repulsion over the extent of the charge-ordered
fluid phase for fixed values of the counterion chemical potential
U can be seen in Figure 8. As the competition parameter v, which
is proportional to the ratio of the electrostatic to hydrophobic
interaction strength, decreases, the charge-ordered fluid phase,
sandwiched between the charge-ordered gel and the charge-
disordered fluid phases, shrinks and disappears. This feature is
also compatible with the behavior of PGs,””*”~* which display
an ATR for the shorter chains coupled to a stronger electrostatic
repulsion, but none for sufficiently long chains, associated with a
larger hydrophobic attraction. The electrostatic interaction strength
V due to the counterion dissociation of the PG headgroups may
be taken as being independent of the acyl-chain length. Thus, the
competition parameter v may be taken as a monotonically decreas-
ing function of the saturated diacyl-chain lengths, related to the
coupling parameter ] and the fluid area ag. For the calculated
transitions at finite &, we found an almost linear relation between
v and the main transition temperature T,,,, which is weakly affected
by the salt concentration and follows the experimental data at
high ionic strength.

4. CONCLUDING REMARKS

The main purpose of this study is the investigation of the
properties of a model proposed by us previously’ in light of the
experimental data on aqueous solutions of saturated diacyl PG
lipids. The latter dispersions present anomalous behavior in the
case of the shorter acyl chains and under low-salt-concentration
conditions, as indicated by a range of different experimental
techniques. The theoretical model that we propose displays several
features that may be compared to those of the experimental systems.
The general properties of aqueous suspensions of dissociating
lipids under variations of the acyl-chain length, salt concentration,
and temperature are reproduced.

The statistical model that we propose essentially relies on the
competition between hydrophobic attractions among acyl chains
and electrostatic repulsions of charged headgroups. The thermo-
dynamic analysis of the statistical model yields a framework in
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which the competition sets the stage for charge ordering on lipid
headgroups. The effect of the electrostatic repulsions is diluted as
the hydrophobic effective van der Waals attraction increases, as
for longer chain lengths. For a given ratio of the strength of the
electrostatic to hydrophobic interaction, which may be asso-
ciated with a given acyl-chain length, the reassociation of free
counterions with charged lipid headgroups is regulated by the salt
concentration and temperature.

In the case of weaker van der Waals interactions (i.e., for
shorter acyl chains) and low salt concentrations, the gel—fluid
main transition takes place inside the charge-ordered headgroup
phase. We predict that the high DSC peak for the main transition
is followed by a small shoulder, whereas the degree of dissociation
develops a broad peak, as shown by DMPG aqueous suspensions.
The shoulder disappears as the ionic strength is increased, whereas
the maximum in the ionization of the aggregates decreases. Both
features follow the experimental trend displayed by low-concentra-
tion DMPG aqueous suspensions upon the addition of salt.

In parallel, the analytical model allows us to explore the effect
of the acyl-chain length under intermediate salt conditions. We
were able to propose a phase diagram for the acyl-chain and
headgroup lipid states for a fixed counterion chemical potential z
and different saturated diacyl-chain lengths, varying from M = 12
(DLPG) to 22 (DBPG).

New experimental data would be needed to provide quantitative
support for the picture that we propose. Additionally, our hypothesis
of charge order as a microscopic rationale for the existence of
ATR would have to be experimentally tested, preliminarily for lipid
monolayers, possibly through direct imagin§ of counterion—lipid
bonding by frequency modulation AFM"*” and supplemented
by the measurement of counterion profiles in the surrounding
aqueous solution by X-ray standing waves.'*®

In spite of qualitative agreement between theory and experi-
ment, a few points deserve to be stated.

(i) We have not treated the counterion and co-ion distribu-
tions in the aqueous solution. These can be accounted for
by using the Poisson—Boltzmann theory*® for ionic solu-
tions, coupling the charged lamellar system to a reservoir
of symmetric monovalent electrolyte as performed for
semiphenomenological models for charged multilamellar
systems,””*® and lamellar phases' or monolayers"*’
composed of anion-adsorbing zwitterionic lipids. In our
present approach, the effect of the electrolytic solvent is
represented through a chemical potential of counterions at
the lipid membrane u. which of course must be in
equilibrium with the chemical potential in the bulk solution.
Equilibrium also requires that the latter must be constant
throughout the diftuse layer. In view of this, we believe that
the inclusion of the electrolytic aqueous solution contri-
butions to the free energy should not effect substantial
change in relation to the existence of headgroup-charge
order. Nonetheless, it would be interesting to connect the
theoretical ad hoc chemical potential of counterions i, to
the experimental added salt concentration, beyond the
ideal gas approach, and to possible ion-specific effects®” in
order to perform further quantitative tests of the theory.
Ion-specific effects are indeed experimentally observed
upon the addition of different monovalent counterions in
aqueous suspensions of anionic lipids. 566~ 727475

(i) In our theoretical model, we have assumed short-range

(nearest-neighbor) electrostatic interactions among charged
lipid headgroups, which allows a considerable simplification

of the calculations. This assumption might be considered
to be a limitation of the model and might pose doubts as
to the presence of charge order in the case of more
realistic long-range interactions. However, it has been
shown that when one takes into account the longer-
ranged interactions in a closely related model'®" the
ordered phases do not disappear. Ordered configurations
may be modified,"** possibly leading to quantitatively
different values of the headgroup average ionization.
Thus, even if headgroup-charge ordering follows a differ-
ent pattern, it should not disappear, and neither should
the charge-ordered gel or the charge-ordered fluid phases.
(iii) A comparison between calorimetric and ionization density
properties predicted by the theoretical model and the
corresponding available experimental data points to
qualitative agreement and quantitative discrepancies.
The DSC shoulder and the ionization density variations
are much more pronounced in the experimental data, as
compared to the model theoretical predictions. A possi-
ble reason behind these discrepancies is the fact that our
model does not include elastic degrees of freedom. These
could be quite relevant in the case of the experimental
lipid dispersions."** Ionization could introduce effects on
morphology,'*® which could in turn enhance the charge
effects. Increased curvature, for instance, may lead to
increased dissociation in the fluid portions of a charged
bilayer. The indication of morphological changes comes
from LS data,35’36 which suggests a substantial increment
of the aggregate radius of gyration in the ATR,"* as well
as from experiments on viscosity,””'** which yield very
large viscosities along the ATR. Pore formation on lipid
vesicles has also been su§§ested to be a possible source of
morphological change'®**** and would be in line with
the mutual enhancement of charge and curvature effects.
However, this is a question to be more thoroughly
investigated, both experimentally and theoretically.

The points raised above constitute objects of further study.
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B NOTE ADDED AFTER ASAP PUBLICATION

This article was published ASAP on September 15,2011. A new
version was published on September 22, 2011, with changes to
equation 9. An additional text change has been made in section 2.
STATISTICAL MODEL AND THERMODYNAMICS: CHAIN
AND HEADGROUP CHARGE ORDERING. The correct
version was published on October 25, 2011.
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