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Red Blood Cell Lipids Form Immiscible Liquids
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Monolayers at the air-water interface were prepared from lipids extracted from human red blo
cells. Epifluorescence microscopy was used to show that monolayers simulating the inner and o
leaflets of the red cell membrane form immiscible liquid phases with critical points at surface pressu
of 21 and 29 dynycm. At these pressures the monolayer lipid density is comparable to that in th
red cell membrane. This suggests that lipid bilayers of a red blood cell are near a miscibil
critical point, which should significantly affect the biophysical properties of the red cell membran
[S0031-9007(98)07922-8]
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Epifluorescence microscope studies have shown th
mixtures of cholesterol and phospholipids form immis
cible liquid phases in monolayers at the air-water interfa
[1–4]. There is indirect evidence that immiscibility also
occurs in bilayers of these lipids [5–7]. These results rai
the question of whether immiscible liquid domains exist i
biological membranes. To this end, we extracted the lipi
from membranes of human red blood cells (erythrocyte
Red blood cell membranes contain over 250 lipid speci
[8], most of which are arranged asymmetrically across t
membrane [9]. The major headgroup classes of the e
tracted erythrocyte lipids were separated by thin layer chr
matography, then reconstituted with 50 mol % cholester
so as to mimic compositions of the inner and outer er
throcyte membrane leaflets. Monolayers of these lipids
the air-water interface are found to form immiscible liquid
phases.

Figures 1 and 2 show epifluorescence micrographs
monolayers of reconstituted lipids simulating the inne
and outer leaflets. Contrast between phases is achie
by 0.2 mol % of a fluorescent probe that is preferential
excluded from the cholesterol-rich phase [4]. Two immis
cible liquid phases coexist to surface pressures greater t
20 dynycm. Domain shapes characteristic of proximity t
a critical point are observed at 21 dynycm in the simu-
lated inner leaflet [Fig. 1(b)] and at 29 dynycm in the outer
leaflet [Figs. 2(c) and 2(d)]. The fingering of the domain
in Fig. 2(f) indicates the monolayer is close to the crit
cal composition. “Fingered” domains are circular domain
from which stripes emanate. At higher pressures t
monolayers are homogeneous as in Figs. 1(c) and 2(
The domain shape changes are reversible.

It is helpful to consider these results in terms of a simp
thermodynamic model. Mixtures of phospholipids alon
have not generally been found to exhibit liquid-liquid im
miscibility in monolayers. However, immiscibility is seen
in binary mixtures of cholesterol with the phospholipid
phosphatidylcholine [1–4], phosphatidylethanolamin
[10], or phosphatidylserine [11]. Cholesterol and eg
sphingomyelin also exhibit immiscibility (data not shown)
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Thus, all of the red cell’s major lipid components ca
potentially contribute to the observed immiscibility. Th
leads to the question of how binary properties manif
themselves in a multicomponent mixture. Consider t
simplest possible thermodynamic model for the Gibbs fr
energyG of a multicomponent lipid mixture exhibiting a
liquid-liquid critical point:

G ­
X

i

sm0
i Xi 1 kTXi ln Xid 1

X
ifij

2kTijXiXj . (1)

Here Xi is the mole fraction of componenti, Tij is the
critical temperature of anij pair, m

0
i is the chemical

potential of a pure componenti, T is temperature, and
k is the Boltzmann constant. The critical temperatur
Tij depend on the monolayer pressurep and contraction
parametersaij .

Tijspd ­ T 1 aijfp 2 pcsijdgy2k . (2)

In experiments on binary mixtures at room temperatu
T , the surface pressure is changed until a critical press
pcsijd is reached. The change in molecular area d
to nonideal mixing ofi and j is taken to beaijXiXj .
Experimental values ofaij for cholesterol-phospholipid
pairs are large, of magnitude210 to 240 Å2 [12].
This corresponds to a large effect of surface press
on monolayer critical temperature, for example,25 to
210 ±Cydynycm [13].

The same method is used in the present study of a mu
component mixture. At the putative critical compositio
the pressure is changed until the critical pressurepc is
found. Conducting experiments at physiological tempe
ture (37±C) rather than room temperature (23±C) is ex-
pected to lower the critical pressure by only 1–3 dynycm,
assuming the average values of theaij are similar [10,14].

Figure 3(a) gives a schematic ternary phase diagram
two ideally mixing phospholipids (components 1 and
and cholesterol (component 3). Two liquid phases co
ist within the broad range of compositions and tempe
tures beneath the surface drawn in Fig. 3(a). The bin
mixture of components 1 and 3 is assumed to have
© 1998 The American Physical Society 5019
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FIG. 1. Top: Epifluorescence micrographs of a monolay
simulating the erythrocyte membrane inner leaflet (Table
expt 1) as it is laterally compressed at an air-water inte
face at room temperature (23±C). At surface pressures be-
low 1 dynycm (or mNym), gas and liquid phases coexist (no
shown). As the monolayer is compressed further, immiscib
liquid phases appear. (a) 18.5 dynycm: 5–10mm circular do-
mains of dark, liquid phase within a bright, liquid phase
Domains exhibit Brownian motion. (b) 20.8 dynycm: finger-
ing characteristic of critical point behavior. (c) 21.9 dynycm:
homogeneous liquid. (d) 13.2 dynycm: circular domains reap-
pear as the surface pressure decreases. Bottom: the pres
vs areaymolecule isotherm is similar to those of cholestero
phospholipid lipid monolayers [3]. Areaymolecule errors are
estimated to be less than a factor of 2. Errors in pressu
are61 dynycm throughout. Experiments are standard [14] an
concluded within,10 min to minimize air oxidation. Because
of this time constraint, it is virtually impossible to observe a
inflection point in the isotherm near the critical point (point b)
Even under ideal conditions, the inflection point is difficult to
detect [3].

same critical pressurep13 as the binary mixture of 2 and
3, p23. Joining these binary critical points is a calculate
line of critical points. Thus critical properties hold for
substantial variation in lipid composition along this criti
cal line. A lipid mixture ofn . 3 components with in-
teractions described by Eq. (1) has ann 2 1 dimensional
surface of critical points. In this theoretical scenario
5020
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TABLE I. Molar lipid compositions were mixed to approxi-
mate the compositions of the inner and outer leaflets of the r
blood cell membrane. Concentrations are given for cholester
(Chol), the four other major lipid species [sphingomyelin
(SM), phosphatidylcholine (PC), phosphatidylethanolamin
(PE), and phosphatidylserine (PS)], glycolipids (Gly), and
the fluorescent probe Texas Red-DMPE (dimyristoylphos
phatidylethanolamine). (See Ref. [15].) Experiments 1, 2
3, and 4 displayed critical pressures,pc (dynycm or mNym)
as in Figs. 1 and 2. Of these, experiments 1 and 4 we
best estimates of the inner and outer red blood cell leafl
compositions. Experiments 2 and 3 were variations on th
inner leaflet 1. Experiments 5 through 10 were variation
on the outer leaflet 4. These six exhibited immiscible liquid
phases and a transition at high pressures.20 dynycmd to a
homogeneous liquid, but no fingering or stripe phase (No
Lipids extracted [16] from the red blood cell membrane bu
not yet separated by headgroup contained the sum of all t
cholesterol and the four major lipid species of the inner an
outer leaflets, with no glycolipids. Monolayers of this “total”
mixture also exhibited immiscible liquid phases and a transitio
at high pressures.15 dynycmd to a homogeneous liquid, but
no critical behavior.

Expt Chol SM PC PE PS Gly TR pc

Inner red blood cell leaflet
1 46.2 5.3 7.4 28.4 12.5 0 0.2 22
2 40.9 5.8 8.1 31.2 13.8 0 0.2 25
3 51.5 4.8 6.7 25.6 11.2 0 0.2 23

Outer red blood cell leaflet
4 43.4 22.5 23.4 6.3 0 4.2 0.2 29
5 45.3 25.7 26.7 2.1 0 0 0.2 No
6 40.4 28.0 29.1 2.3 0 0 0.2 No
7 36.1 29.9 31.2 2.6 0 0 0.2 No
8 32.9 31.9 33.2 1.8 0 0 0.2 No
9 25.3 35.2 36.5 2.8 0 0 0.2 No

10 82.1 4.6 4.8 0.4 0 7.9 0.2 No

critical behavior is sensitive to cholesterol concentratio
and relatively insensitive to substantial variations in
phospholipid composition (cf. Table I).

Figure 3(b) gives a theoretical phase diagram for
binary mixture of components 1, 3 or 2, 3. Superimpose
on this phase diagram are the superstructure phasesH
and S. The hexagonal (H) and stripe (S) phases have
length scalesD set by a competition between long-range
intermolecular dipolar repulsions and interdomain lin
tensionl.

D ø delym2

. (3)

Here m is the difference in dipole density in the two
phases andd is of the order of a nearest neighbor in-
termolecular distance. Near the critical point the width
of the stripes are equal todespy2delym2

[4]. The line
tensionl and the dipole energy difference termm are
related to the pressure differencesp 2 pcd by critical
exponentsm ø 1 andb ø 0.25, respectively [14,17,18].
Hence, asp approachespc, D decreases.D is the stripe
width or circular domain radius. Indeed, in a binary mix
ture of cholesterol and phosphatidylcholine, we have o
served that the stripe width approaches zero as the surfa
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FIG. 2. Epifluorescence micrographs of a lipid monolaye
simulating the erythrocyte membrane outer leaflet (Table
expt 4). The phases and isotherm are similar to Fig.
(a) 12.1 dynycm (or mNym): circular liquid domains,10 mm.
(b) 26.1 dynycm: coalescence of domains. (c) 28.4 dynycm:
fingering characteristic of critical point behavior. (d) 29.1 dyny
cm: critical point. (e) 34.5 dynycm: homogeneous liquid.
(f ) 28.8 dynycm: immiscible liquid phases reappear as pressu
decreases. The domains exhibit fingering characteristic
proximity to a critical point. At lower pressures, the domain
are circular.

pressure is raised to the critical pressure. As the cr
cal pressure is approached from below, preexisting c
cular domains show fingering and then transform to t
stripe phase when the composition is close to the critic
composition (data not shown). At low monolayer pre
suresl ø 1.8 3 1027 dyn and m2 ø 1028 cgs esu and
D is extremely large [18]. Theoretically, at equilibrium
a stripe phase should appear over a large region of
phase diagram [Fig. 3(b)]. In contrast, stripe phases
experimentally observed only within 1–2 dynycm of the
critical point [Fig. 3(c)] [19]. This is related to the fact
that the rate of domain size equilibration is slow and th
stripes produced experimentally are limited in length [20
In our experience, these conclusions apply equally well
multicomponent mixtures. Figure 3(c) illustrates the e
perimental relations between circular domains, fingeri
domains, and the stripe phase.

The erythrocyte lipid bilayer may be near a critica
point since stripe phase fingering is observed in er
throcyte lipid monolayers at comparable molecular de
sities. We observe critical behavior at molecular are
of ,60 Å2 for the simulated erythrocyte outer leaflet an
,100 Å2 for the inner leaflet. (A transition from two liq-
uid phases to one liquid phase is found at,40 Å2 for the
total lipid mixture.) Uncertainties in these areas due
the chemical assay used [21] are estimated to be less t
a factor of 2. The average area of a lipid in an erythrocy
membrane of a phospholipid bilayer is comparable,,40
or ,60 Å2, respectively [22,23].

Additional comparison between monolayers and th
erythrocyte membrane is provided by the work of Dem
et al. [24]. These investigators compared the activity o
phospholipases on erythrocyte membranes to their activ
r
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FIG. 3. (a) Schematic ternary phase diagram with mole frac
tions X1, X2, and X3, where X1 1 X2 1 X3 ­ 1. Compo-
nents 1 and 2 are phospholipids and 3 is cholesterol. A
pressuresp , p13 ­ p23, two immiscible liquid phasess2fd
coexist under the surface shown. Above this surface, the
is one homogeneous liquid phases1fd. In this model, all
pure components are assumed to have equal chemical pote
tials m

0
i , and surface areas, with area contraction paramete

a13 ­ a23, a12 ­ 0. Binary phase diagrams for 1, 3 and 2, 3
appear above theX1 and X2 axes. Both pairs are assumed
to have equal critical pressuresp13 ­ p23. A line of critical
points connects the two binary critical points. (b) Schematic
theoretical phase diagram of cholesterol-phospholipid binar
mixture. Below the critical pressure and within the two phase
region three superstructure morphologies are expected, tw
hexagonal phases (H and H 0) and a stripe phase (S) [31].
The boundary between the stripe phase and the hexagon
phase is adapted from [32]. Coexistence regions of adjace
phases are in grey. The equilibrium widths of the stripes
and the radii of circles depend on the proximity to the criti-
cal point, as sketched. (c) Schematic experimental phas
diagram of cholesterol-phospholipid binary mixture. Stripes ar
observed only within a few dynycm of the critical point [19].
At lower surface pressures, domains are primarily black circle
on a white background or reversed. Fingering is observed
the grey region, at the transition between circular domains an
stripes.

on lipid monolayers at various pressures. They conclude
that a monolayer pressure between 31 and 34.8 dynycm
yields a susceptibility to this lipase activity equivalent
to the susceptibility of erythrocyte membranes to lipas
activity. This surface pressure is slightly higher than
the pressure at which we observe critical behavior in th
simulated inner and outer red blood cell leaflets.

The proximity of red blood cell lipids to a liquid-
liquid immiscibility critical point should play a significant
role in the cellular physical properties. For example
theoretically, membrane lipid composition and curvature
5021
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are coupled near a critical point, influencing cell shap
and deformability [25–27]. Since the compressibility
of liquids diverges at critical points [17], the latera
compressibility of membranes should be large. Indee
the response of erythrocyte lipids to membrane recep
ligands such as prostaglandins [28] and acetylcholin
[29] suggests a protein-mediated lateral compression
extension of the erythrocyte bilayer. The major role o
proteins on the lipid phase behavior is likely to be throug
their effect on two-dimensional lipid density [30].
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