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Phase behavior of charged lipid bilayer membranes with added electrolyte
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We investigate the phase behavior of the aqueous solution of charged lipid bilayer membranes
forming a lamellar structure in the presence of the added electrolyte. The Goldstein—Leibler model
[Phys. Rev. A0, 1025(1989] proposed for neutral lipids is extended by taking into account the
screened electrostatic interaction which belongs to the so called intermediate region of the Poisson—
Boltzmann theory. We mainly focus on the variation of the phase behavior as the added electrolyte
concentration is changed. By decreasing the electrolyte concentration, the electrostatic repulsion
between the neighboring membranes becomes stronger. As a result, the maximum equilibrium
swelling composition shifts to larger water content, and the lamellar repeat distance increases
although the membrane thickness remains almost constant. Our results recover not only the
experimentally observed phase diagram for the charged lipid, but also the dependence of the
lamellar repeat distance both on the electrolyte concentration and on the lipid composition. Some
discussions are provided for the case when the electrostatic interaction is not screened due to the
absence of any electrolyte. ®003 American Institute of Physic§DOI: 10.1063/1.1579675

I. INTRODUCTION have been also investigated by employing the osmotic stress
o S ) _ techniqué® In this work, the binding affinity series onto the
Lipids are amphiphilic mplecul_gs with a hydrophll_lc charged lipid bilayers of phosphatidylglyceréPG) and
head group and usually two lipophilic hydrocarbon chainssnosphatidylserinéPS were determined for various cations.
Phase diagrams for a pinary System c.onsisting of Iipid and  The temperature-composition phase diagram of an an-
water have been studied with a variety of experimentalgnic dimyristoyl phosphatidylserinéDMPS)/water binary
techniques.One of the typical structures observed in such asystem in the presence of ammonium phosphate has been
binary system is a lamellar structure which is formed due ta;,gied by Hausegt al. using x-ray diffraction and differen-
the amphiphilic nature of the lipid molecueThe structure tial scanning calorimetry® In this system, the_, to Lg
of hydrated lipid bilayer membranes are good model systemgansition (the so-called “main transition” occurs at pro-
for_ the st_udy of interacting membranes. The lamellar phase i@ressively lower temperatures as the water content is in-
fluid at high temperaturéhe so-called., phasg, whereas at  reaged. The lamellar bilayer repeat distance becomes con-
low temperature, the bilayers become a two-dimensional 98}, ,qysly larger with increased water content up to more than
(Lp phasg. On the other hand, both the, andL g phases  5q \t o4, Although the multilayer stacking may be disor-
can take up only a restricted amount of water. Adding Moreyaradq above this water composition, the system does not
water leads to a phase separation between the lamellar phasg, e separate up to very high water conténtghen the
and excess water. As for the electrostatically neutral ”pidssystem is diluted more than 70 wt %, there is a transition
these phase behaviors can typically be observed in thg,m 5 single swollen lamellar phase to a two-phase system
dimyristoyl phosphatldylcholme (DMPC)/Watef binary consisting of unilamellar vesicles and excess water. Notice
system3. Recently it was reported that the sorption of wateryhat the corresponding equilibrium swelling composition for
triggers a first-order transition from the,, to thel, pha_se“. neutral PC is at most 40 wt $%This difference in the swell-
~ Incontrast to the neutral lipids, such as phosphatidylchog, g jimit implies that the electrostatic repulsion acts to stabi-
line (PC) or phosphatidylethanolaming®E), much less is  |i;a the swollen lamellar phase.
known about the phase behavior of charged lipid bilayer |, ihe subsequent work by Hauser and Shipley, the effect
membranes although several attempts have been made. RQ onovalent cations on the phase behavior of DMPS as
example, force measurement between egg lecitin bilayerge) a5 other homologous series was studfstlccording to
containing various amounts of the charged phosphatidylglyCge y-ray diffraction data, they showed that the main transi-
erol (PG gnd phosphatldyllnosnc(Pl) was p'erfOFmed USING  tion temperature increases only slightly upon the addition of
an osmotic stress technique and x-ray dlﬁracﬁdn. this  NaCl up to 1 M concentration. This means that no major
experiment, it was claimed that hydration repulsion domi-cpange in lipid packing within a bilayer occurs for this elec-
nates out to about 20 to 30 A separation, whereas mMorgqvte concentration regime. The more significant effect of
slowly decaying electrostatic repulsion dominates beyond,jqeq electrolyte is the pronounced decrease in the lamellar
about 30 A; Concerning the added electrolyte, effects oferiodicity due to the salt-induced exclusion of aqueous
monovalent ion binding and screening on electrostatic force§ #er from the intermembrane region. In Ref. 11, it was
shown that the addition of higher NaCl concentration up to
dElectronic mail: komura@comp.metro-u.ac.jp 6 M increases the main transition temperature significantly.
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From the theoretical point of view, the effects of mem-
brane interactions on the structural phase transition of neutral
lipid bilayers have been studied by Goldstein and
Leibler}?3In their model, the main transition in an isolated
bilayer is described by a Landau theory in which the mem- 8
brane thickness is taken as a coarse-grained order parameter.
On the other hand, the dominant molecular intermembrane
forces acting between bilayers are considered within a con-
tinuum treatment*!° Both of these “internal” and “exter-
nal” degrees of freedom of the membranes are coupled to
each other when the typical distance between the membranes
is comparable to their thickness. For neutral phospholipid d
lamellae, the long-range van der Waals attraction and short-

range hydration repulsion were taken into account. Therefore “-.-.—.-“

it is natural to include the electrostatic repulsion in the
Goldstein—Leibler theory to investigate the phase behavior
of charged membranes.

A detailed discussion of the electrostatic properties of
membranes within the Poisson—Boltzmann theory is given in
Ref. 16. When an electrolyte is added to the solution, the
electrostatic propertie®.g., electric potential, ionic concen-
tration profiles are strongly screened. The diffusive layers of
ions in the solution is characterized by the Debyéeelktl
screening length\p. In this article, we consider the case FIG. 1. The geometry of the lamellar _stack. The multilamellar lattice is_
when the separation between the membrane is large conﬁ?fﬁig’fndetsosdbgnc;;"‘:g:;gcct’i‘;:'yarp'y defined aqueous and membrane regions
pared toA, and the coupling between the two membranes ’ '
is weak. This limit is called as the intermediate region of the
Poisson—Boltzmann theot§.We will show later that this is
really the case in the typical experiments. The main purpose § 1)
of this article is to calculate the phase diagrams of the aque- §~ m ()
ous solution of charged lipid bilayer membranes in the pres-
ence of the added electrolyte. We pay attention to the varia- In order to describe the main transition in an isolated
tion of the phase behavior as the added electrolytdilayer, we introduce an order parameter defined by
concentration is changed. By decreasing the electrolyte con- P
centration, we show that the maximum equilibrium swelling = 0, 2)
composition shifts to larger water content. Then the lamellar o
repeat d_istance incree_lses simultaneously although the mefpere 8, is the thickness in thé, phase coexisting with
brane thickness remains almost the same. __excess water. This order parameter is nonzero inlipe

ThIS art!cle is constructe_d as f_ollows: In the next se‘?t'on’phase, whereas it is small in the, phase. Since the struc-
we first review the Goldstein—Leibler thedryand explain tural main transition between the, and L, phases is a

the neWIylréldded electrostatic interaction in the presence Gfist.order transition, the Landau expansion of the stretching
electrolyte.” Based on this generalized model, we then de+ge energy per lipid molecule is expressed as

scribe how we calculated the phase diagrams. In Sec. lll, we
present the calculated results which will be compared with  F(,T)=3a,(T) ¢?+ fasy®+ sa,4%, (©)

those from the_ previous experimental works. Some dISCUS\7vhereT is the temperature, aral,>0 for stability. The in-
sions are provided in Sec. IV.

equalityaz <0 is required in order to ensure the thickey,
phase. The temperature dependenca,¢T) is provided by
Il. MODEL ay(T)~ay(T—Ty), whereT, is the temperature at which
the transition fromL , to L4 is critical if the cubic term is

As a starting point of the present study, we first describeabsent. With these conditions, the main transition tempera-
the Goldstein—Leibler theory brieﬁﬁ.Consider a mixture of ture T,, is given by
N, lipids and N,, water molecules in volum&)=N,v,
+Nyvw, Wherev, andv,, are molecular volumes of lipid 2a§
and water, respectively. The volume fraction of lipid is then Tn=To+
¢=N,v,/Q. As shown in Fig. 1, the multilamellar lattice is
assumed to be composed of sharply defined aqueous and Itis believed that the lipid molecules are tilted in thg
membrane regions of thicknedsnd 8, respectively(Luzzati  phase-? Since does not describe any intramembrane sym-
approximation. For such a stack of lamellae, the incom- metry differences, however, we do not distinguish between
pressibility condition is given by the tiltedL 5, phase and the untilted; phase hereafter. In

4

9aja,
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order to describe such an intramembrane symmetry differbranes is weak. In such a limit, the electrostatic interaction
ence, one needs to include additional order parameters amergy per unit area of the membrane has the following

mentioned in Ref. 13. asymptotic form®
For electrostatically neutral bilayers, there are two con-
tributions to the interaction energy per unit area of the 320e,,(kgT)?
membrané®!5The first one is the long-range van der Waals ~ Ve(d)= Texp(—d/AD). (10)
attractionVy( 6,d): 4 Ao
1 2 1 By assuming complete dissociation, the area per
Vy(8,d)=—W| —— ~+ 1t (5 phospholipid head group is about %60 2°m? for PS®
dc (d+6)° (d+29) Then the Gouy—Chapman lengt®) is calculated to be
where W is the Hamaker constant. The second one is th®~1.5X10"*°m with the use of the other numerical values
short-range hydration repulsiof(d): listed below. For a typical electrolyte concentration, this is
relatively small compared to the values dfor Ay in the
Vi(d)=H exp(—d/Ay), (6)  experiment. After the calculation, we will also see thag is

where H is the amplitude and\;, is the decay length. To indeed smaller thaml, which is reasonably satisfied in the
investigate the phase behavior of the aqueous solution of tH€al system. These considerations justify our assumption of
neutral bilayer membranes consisting of DMPC, Goldsteirfhe intermediate region.

and Leibler analyzed the total free eneryjy Using the above asymptotic form of the electrostatic free
energy(10), we consider the following total free energy for
Fo=NF( (d)]. @ the charged bilayer membranes

Notice that 2 ,/6 is the area per lipid head group. The in- F.=N,F (¢, T)+
ternal and the external degrees of freedom of the membranes

are coupled through the incompressibility conditi@n. Us- which is a straightforward generalization 6f). Here we

ing the above free energy, Goldstein and Leibler were able t i . )
calculate the temperature-composition phase diagram wmc%ef'”e the ' reduced free-energy densityo(¢,T; )
L ¢/Q and the reduced parameters by

is in semiquantitative agreement with the experimental re-

11)

sults for the neutral DMPC/water binary systémn evalu- Ay, Ap
ation of relative importance of the various interactions for = 5 A=
DMPC bilayers was later discussed in Ref. 17. 0 0
Next we consider the interacting charged lipid bilayer 5 (12)
membranes in aqueous solution. In the presence of added | _ WW' he ve 32s08w(keT)v¢

electrolyte, it is useful to separate the general solution of the
appropriate Poisson—Boltzmann equation into several limits
in which approximate potential energies can be calculatedlsing the incompressibility conditiofil) and the definition
analytically. In this problem, three important length scalesof the order parametd®), we obtain

exist: (i) the spacing between the two membradgsii) the
Debye—Hikel screening length for 1:1 electrolytin SI

S

% 9*\pdh

1 1
f(d. T =4¢| 5 az(T T+ 5 33‘#"‘ a4l,0

base unit
1/2
eoeuwkeT wC( ¢>) h¢
Ap=| ——| 8 - D(¢)(1+
> ( 20002 ) ® Trp Trg AL )]
wheree is the vacuum permittivityg,, is the dielectric con- e¢
stant of the aqueous solutiokg is the Boltzmann constant, 1+ Irllexp: E(p)(1+ )], (13
Ny is the number densityper unit volume of the added
electrolyte, andy>0 is the electron unit; and finallffii) the  \\here
Gouy—Chapman length given by
2¢°(3—¢? 1-
b=M, 9) C(qg);de;), D(¢)=" ¢,
qlo] (1-¢?) h
where ¢ is the surface charge distribution assumed to be (14
negative. As argued in Refs. 16, 18, and 19, the dimension- E(¢)= —¢
less parameter spacé f/d,b/d) can be divided into four ¢
asymptotic regions. Among these, we consider the so-calle . I )
intermediate region in which the relatitm< A p<<d is satis- Silhe reduced chemical potential is defined by
fied. This is the case where the separation between the mem- It (&,T: )
branesd is large compared to the Debye-tkel screening w(,Th)= e T ) (15)
length Ap, whereas the coupling between the two mem- I¢b Ty
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TABLE I. Numerical values of model parameters. 5 . T . . T . 335K
5,=3.5x10"°m v,=1.1x10"?"m?
ay=2.4x10"21JK™? a;=-9.3x101°J
a,=1.9x107'8J
To=2.6X107K Tn=3.1xX10K
W=1.9x10"22] w=4.8x10"24] L L +EW
H=10x10Jm 2 h=3.1x10 2 < 4F ¢ o +320K
Ay=2.5x10"1m ~
£0=8.9x10 ?Fm?! £,=80 5
q=1.6x10"%°C keT=4.1x10"2*K )
ay/h=7.7x10? az/h=-30
a,/h=60 w/h=1.6x10"43 L
Ap=0.07 §
3+ L +EW 305K
#The number fom/h given in Ref. 13 contains an error. B
1 1 L 1 L | L
0 0.2 04 0.6 0.8
If we expandF; as a power series iff, we see that interac- 1- (])

tion act as an external field on the order parametEtHow-

ever, we treat the total free energ¥d) in the following FIG. 2. Phase diagram of a mixture of neutral lipid and water¢lrepre-
calculation sents the water volume fraction, aad/h corresponds to the temperature.

. . Equilibrium with excess water is denoted by “EW.” The critical point is
For the purpose of calculating the phase diagrams of th@gicated by a filled circle. This phase diagram is the same with Fig. 5 in
lamellar system, we first minimize the total free energy denRef. 13.

sity (13) with respect toy. Based on the equality of the
chemical potentials and the osmotic pressures, the common
tangent construction is employed to calculate the equilibriumwe fix the value ofkgT in V¢(d) and Ap to that given in
between two phases with differedt and ¢”. In the coexist- Table |, and the temperature dependence is taken into ac-
ing two phases, the minimized order parametean take on ~ count only througha, (or a,/h). With these assumptions,
different values from which the membrane thicknesss we will see later in Sec. Il that the melting transitigaor,
calculated using2). The incompressibility conditiofll) fur- ~ more precisely, the three phase coexistence temperature be-
ther determines the thickness of the aqueous redidar ~ tween thel,, Lz, and excess wateroccurs ata,/h
given ¢. These calculations have been done numerically. Ir=a;(Tm— To)/h~3.33. According to the experiments on the
order to determine the phase equilibria between a lamelldPMPC/water binary systerh!® the main transition tempera-
structure and excess water, the free energy of the latter solidre is T,=310K andT,,—T;=50K (see Table)l Hence,
tion is necessary as a function of the lipid composition. How-from (4), each unit of the dimensionless temperature variable
ever, since this phase is extremely dilute in lipid, its freeaz/h corresponds to 15 K
energy can be identified with that of pure waltéHence the With the above choice of parameters, the redu(diel
approximate coexistence for the equilibrium with excess wamensionlessDebye—Hiekel screening lengtfsee(12)] as a
ter is determined by the condition of vanishing chemical pofunction of the number density of the electrolytg in units
tential, i.e.,u=0. More rigorous treatment of the phase equi-of [molm™~3] is given by
librium should take into account the so-called Donnan _ —1/2
equilibriun?® which will be discussed in Sec. IV. Ap=2.78<No . (16
The numerical values of the model parameters used iWsing this relation, the ratio of paramete& is calculated
the present calculation are summarized in Table |. For théo be
quantities which are also used in Ref. 13, we choose the _ 12
same numerical values in order to see the effect of the added e/h=0.016<n5". an
tgrm (10 clgquy. .In principle, the internal structural tranS|l— Il RESULTS AND COMPARISON TO EXPERIMENTS
tion of the lipid bilayer may be affected by the electrostatic
interaction through the modification af, a;, ora, as well In this section, we show the calculated phase diagrams
asT, in (3). Furthermore, the added electrostatic interactiorbased on the free energ$%3). The phase diagrams are rep-
can give rise to the liner term ity in the Landau expansion resented in the (% ¢,a,/h)-plane, where ¥ ¢ is the water
of the stretching free energy. In such a case, the electrostatiolume fraction anda,/h corresponds to the reduced tem-
interaction acts as an external field on the order parameteperature. We focus on the variation of the phase behavior as
The free energy is then shifted in a way which favors differ-the electrolyte concentration is varied.
ent membrane thickness. However, we do not consider these As a reference, we reproduce in Fig. 2 the same phase
possibilities in this article since we want to focus on thediagram with that calculated by Goldstein and Leibler in Ref.
effect of the electrostatic interaction only through the modi-13 for the neutral lipid plus water binary system. This case
fication of the intermembrane interaction. corresponds to the limit of the charged lipids whég(d)
Strictly speaking, the temperature dependence of the-0 for all d. A line of first-order transition between the,
present model appears bothfn [Eq. (3)] andV(d) [Eq. andLg phases terminates at a triple point where these two
(10)] as well as inAp [Eq. (8)]. For the simplicity, however, lamellar phases coexist with excess water. The narrowness of
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S——T————7T—335K S————— 133K
L AEW—
L, L +tEW I
o 4F +320K < 4F o - 320K
~ ~
N o
] <
L
B Ly
3 LB+EW ~305K 3+ +305K
L | A 1 . 1 s 1 1 L L
0 0.2 0.6 0.8 0 0.2 0.6 0.8

0.4 0.4
1-¢ 1-0
FIG. 3. Phase diagram of a mixture of charged lipid and water. The concenFIG. 4. Phase diagram of a mixture of charged lipid and water. The concen-
tration of the added electrolyte ix=5x10? mol m 3 (0.5 M). 1—¢ rep- tration of the added electrolyte ig,=1x10? mol m 3 (0.1 M). 1—¢ rep-
resents the water volume fraction, amgd/ h corresponds to the temperature. resents the water volume fraction, aag/h corresponds to the temperature.

The notations of different phases are the same with Fig. 2. The critical poinThe notations of different phases are the same with Fig. 2. The critical point
is indicated by a filled circle. is indicated by a filled circle.

the tie lines persists to temperatures quite far from the criticaler, pure DMPS undergoes a crystal to liquid crystal transi-
point. Due to the skewing of this tilted two-phase region, ation at 340 K. With increasing the water content the transi-
temperature scan at fixed composition crosses the two birtion between the., andL ; phases occurs at progressively
odal lines. At higher temperature, the first-order line ends atower temperature. It finally reaches a limiting value of
the critical point(marked with a filled circlebeyond which 310 K at water content of 1¢$~0.45. Even though the
the bilayer thickness changes continuously analogous tmultilayer stacking may be disordered at higher water con-
liquid/vapor type transition. Notice that the equilibrium tent, the DMPS/water binary system does not phase separate
swelling composition for thé , phase is + ¢=0.4, whereas up to around 70 wt % water amouhtFurther dilution leads
it varies with temperature for the; phase. to a transition from a single lamellar phase to a two-phase
Next we consider multilamellar dispersions consisting ofregion where vesicles coexists with excess waiske see a
charged lipid molecules and water. Figures 3 and 4 are thquite similar behavior of the main transition temperature in
calculated phase diagrams for the electrolyte concentratioRig. 4 except that the critical point is not observed in the
No=5x10’molm 3(0.5M) and 1x10* molm 3(0.1M), experiment. As mentioned in the previous section, this is
respectively. It is remarkable that the equilibrium swelling because of the shortcoming of the scalar order parani@ter
composition shifts to larger-1¢ (or smallerg) by decreas- which does not distinguish any intramembrane symmetry
ing the electrolyte concentration. Fop=1x10?molm 3 differences. The difficulty in observing the coexistence be-
(Fig. 4), theL , phase can be swelled as large as¢#=0.77  tween thel , andL ;z phases in the experiment may be due to
water composition. As a result, the region of the singlethe narrowness of the binodal region as shown in Fig. 4.
lamellar phases extends to the lower lipid composition re- In Fig. 5, we have plotted various lengths, namely, the
gime. While the locus of the critical point does not changelamellar repeat distancd+ 6, the thickness of the water
appreciably for different electrolyte concentrations, the com+egiond, the thickness of the lipid bilayet, and the Debye—
positions of the_ , andL ; phases at the triple point tempera- Huckel screening lengtih, [see(8)] as a function of the
ture shift to larger + ¢. Hence, for small electrolyte concen- electrolyte concentrationy when thel , phase coexists with
tration ny, the two-phase region between the andL,  the excess water. In other words, we follow the shift of the
phases is rather elongated, and the tie lines become narrowepexistence line between the, phase and the excess water
As has been stated before, the temperature dependence of #e the electrolyte concentration is varied. The thickness of
present model is taken into account only througg{T). the lipid bilayer 6 is calculated from the minimized order
Hence, compared to the neutral lipid case, the addition of thparameteky [see(2)], and the thickness of the water region
electrostatic interaction does not modify the temperature athould satisfy the incompressibility conditiét). For thel ,
the critical point or the triple point. phase, we remind that the swelling composition does not
Our results reproduce several features of the experimerdepend on temperatueg /h (see Figs. 3 and)4Figure 6 is
tally studied phase diagram reported in Ref. 8 for chargedhe corresponding plot for the; phase coexisting with ex-
lipid bilayer membranes. In Fig. 6 of Ref. 8, the temperaturecess water at fixed,/h=2.8. We remark again that the co-
composition phase diagram of DMPS/water binary systenexistence line between the; phase and the excess water
with added 0.025 M ammonium phosphate is determined bylepends on the temperatuag/h. For both thel , andL 4
using differential scanning calorimetry. In the absence of waphases, the thickness of the charged lipid bilay€dotted
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FIG. 5. Various lengths as a function of the electrolyte concentratipn FIG. 6. Various lengths as a function of the electrolyte concentraijpn
when thel , phase coexists with excess water. The solid line is the lamellawhen thel ; phase coexists with excess wateraath=2.8. The notations
repeat distancd+ &, the dashed line is the thickness of the water region of different lines are the same with Fig. 5.

the dotted line is the thickness of the lipid bilay&rand the dot-dashed line

is the Debye—Hckel screening lengtih .

ter. Otherwise the lamellar repeat distance is solely deter-

line) does not change evennf, is varied. On the other hand, mined by the relative composition between lipid and water
the thickness of the aqueous regibfdashed lingdecreases since the lipid bilayer thickness remains almost constant
asng is increased. This tendency can be easily understoodven if the electrolyte is addddee(1)]. Interestingly, the
by noticing that the electrostatic repulsion between theslectrolyte concentration dependence of the repeat distance
membranes becomes more screened for lamygr and  d+ 6§ in Figs. 5 and 6 shows a similar behavior with the
the intermembrane distance takes smaller value. For thabove mentioned experiment.
L, phase in Fig. 5, the lamellar repeat distarte 6 de- In Figs. 5 and 6, we see that the thickness of the aqueous
creases amgo'sz and starts to level off aroundy~0.5 regiond is larger than the Debye—ldkel screening length
X 10°molm™3(0.5M). The level off of the lamellar repeat A. Moreover both of these lengths are much larger than the
distance can be explained as follows: Although the screene@ouy—Chapman length~1.5x 10" 1°m as discussed in the
electrostatic repulsion becomes very weak for such a higlprevious section. These have been a necessary condition to
electrolyte concentration, the hydration repulsion starts taise the asymptotic form of the electrostatic interaction given
dominate for small intermembrane distances. by (10). Hence our calculated results are consistent with the

The effect of monovalent cations on the phase behaviorequirement for the intermediate region. However, fpr
of DMPS/water binary system was investigated in Ref. 10. Ismaller than 1 mol m® in the L g phase(not shown in the
is reported that the main transition temperature as well as thgraph, d is calculated to be smaller thaky, and it is no
transition enthalpy remained almost unchanged as long amore appropriate to us€l0). For such a small electrolyte
the added NaCl concentration does not exceed 1 M. Analysisoncentration case, we are already either in the Gouy-
of the x-ray diffraction data confirmed that, even in the pres-Chapman region or the ideal-gas region, which will be dis-
ence of added NaCl, no significant change in the hexagonaussed in the next section.
hydrocarbon chain packing occurs in thg phase. The ma- Fixing the electrolyte concentration tmy=1Xx 107
jor effect of added salt is the electrolyte-concentration-molm~3(0.1 M), we have plotted in Fig. 7 the lamellar bi-
dependent reduction in the lamellar periodicity as the watelayer repeat distanag+ & as a function of the water content
is excluded from the intermembrane space. For 50 wt%l—¢ at two different temperatures, i.@,/h=2.8 and 4.4.
aqueous dispersion of DMPS, the lamellar repeat distance dthis result is even in quantitative agreement with Fig. 7 in
the L; phase at 293 K decreased linearly with increasingRef. 8. For both the., and L, phases, the bilayer repeat
NaCl concentration up to 0.5 M and then leveled fée distance expands continuously as the water amount is in-
Fig. 5 in Ref. 10. Compared to the electrolyte-free case, thecreased. Compared to the phase, thé. ; phase takes larger
lamellar periodicity reduced from 107 to 62 A upon the ad-repeat distancd+ & as well as the bilayer thicknegs Since
dition of 0.5 M NaCl. The corresponding reduction in the we have the constraint of the incompressibility condititn
lamellar periodicity of the. , phase was from 75 to 52 A. We larger§in the L s phase means a denser lateral packing of the
consider that the above experiment has been done under thead groups in spite of the expected electrostatic repulsion
situation where the lamellar phase coexists with excess waetween the charged groups. Such a reduction of the area per
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T T T T There are three other asymptotic regimes of the
Poisson—Boltzmann theory represented in the
(Ap/d,b/d)-parameter spac®: (i) Debye—Hukel region
8 ’ - [Ap<b and Ap/d<1, or (Ap/d)?><b/d and Ap/d>1],

e (i) ideal-gas region[b/d>1 and (Ap/d)?>>b/d], and
. (iii) Gouy—Chapman regiofb/d<1 andAp/d>1]. In the
s L e - Debye—Hikel region, the potential value on the membrane
B .- surface is small, and the Poisson—Boltzmann equation can be
linearized. The resulting asymptotic form of the energy per
6 -7 unit area is then

d + 0 [nm]

-
,/’ O—ZAD

Ve(d)=

: (18

i-( d
cotl 57(;) 1
o whereo is the surface charge density as before. By replacing
(10) with (18) and looking at the total interaction energy as a
4 . | . L function of d (with an appropriate choice aof), we have
0.2 0.4 confirmed that the phase behavior is not modified at least
1- (D qualitatively. This is a natural consequence since @
and(18) are exponentially decaying functions.
T S oo T s e e T Hdealgas and the Gouy- Chapm reglons, or
tance ofL,, p(;\ase am,/h=4.4, and the dashed line is that lof pﬁase at the_Other hand, the repulsive |r_1teract|on energy decay.s alge-
a,/h=2.8. braically rather than exponentially. In contrast to the inter-
mediate region, it was impossible to construct a globally
consistent phase diagram due to the long-ranged nature of
molecule in the mixture of egg lecitin and charged lipid wasthe interaction as long as we use reasonable numerical values
observed in Ref. 5. of model parameters. When the repulsive interaction is too
strong, the typical intermembrane distance becomes much
larger than the membrane thickness. In such a highly swollen
case, the internal and the external degrees of freedom of the
In this article, we have investigated the phase behaviomembranes do not couple each other. It is then reasonable to
of the aqueous solution of charged lipid bilayer membranesissume that membranes are infinitesimally thin homoge-
forming a lamellar structure. We have focused on the effecheous layers characterized by coarse-grained elastic proper-
of the added electrolyte. The Goldstein—Leibler m&tipto-  ties. We encounter a similar situation when one takes into
posed for the neutral lipids has been extended by taking intaccount the long-range Helfrich steric interaction which de-
account the screened electrostatic interaction. Among variousays also algebraicalfy.
asymptotic regions of the Poisson—Boltzmann theory, we When we calculated the phase equilibria between one of
considered the so-called intermediate region. We paid atterihe lamellar phases and the excess water, only the condition
tion to the variation of the phase behavior as the added eleof vanishing chemical potentidju=0) was used. Although
trolyte concentration is changed. With decreasing the electrahis is justified for neutral lipids, further complication could
lyte concentration (weak screening the electrostatic arise for charged membranes in the presence of the electro-
repulsion between the neighboring membranes becomdgte. For example, due to the constraint of electroneutrality in
stronger. Accordingly, the maximum equilibrium swelling the membrane system, there is a tendency for the added elec-
composition shifts to larger water content, and the lamellatrolyte to go into the less crowded excess water region. This
repeat distance increases although the membrane thicknesisenomenon is known as the Donnan efféathich induces
remains almost constant. Our results recover not only tha difference in the average electrolyte concentration between
experimentally observed phase diagram for the charged lipidche membrane system and the excess Vs a result, an
but also the dependence of the lamellar repeat distance on tlegcess osmotic pressure difference should arise between the
electrolyte concentration as well as on the lipid compositiontwo phase$? and the location of the phase boundary would
In our calculation, we have used the asymptotic form ofpossibly be modified. In order to consider such a problem,
the electrostatic interaction in the intermediate region afhowever, one should treat the electrolyte concentration as an
given in (10). It is valid whenb<Ap<<d, whereA is the  additional degree of freedom, and the chemical potential of
Debye—Hwkel screening length(8), b is the Gouy— the electrolyte should be taken into account. However, this is
Chapman length9), andd is the intermembrane distance. out of the scope of the present model. Similar argument
This condition is satisfied when the separation between thbolds also for the phase equilibrium between itheandL g/
membrane is large compared Ag, although the Poisson— phases since the intermembrane distance is different for these
Boltzmann equation itself cannot be linearized since the suphases. We note that the Donnan effect becomes more im-
face potential is large. Notice that the asymptotic form ofportant for highly charged membranes.
free energy does not depend on the surface charge density in In the present study we have neglected not only the dif-
this limit. ference between the; andL 4 phases, but also the presence

€0€w

IV. DISCUSSION
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