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Long-chain n-alcohols decrease the main phase-trdilsilion temperature of lipid vesicle membranes at low concentra-
tions but increase it at high concenirations. The nonlinear jiliedomencn is unrelated to the interdigitation and is
analyzed by assuming ¢hat alcohols form solid solutions with solid as well as Houid phases. The biphasic response
originates from the balance of the free energy difference of alcohols in the liquid and selid membranes (Ag,) and
the alcohol-lipid interaction free energy difference (Au) between the two phases. When Ag, <G and du >0, or
Ag, <Adu <0, the transition temperature decreases monotonously according to the imcrease in the alcohol
concentration. When Ag, >0 and Au <0, or Ag, > Au > 0, it increases monotomonsly. Biphasic response occurs
with a minimum temperature when A4 > 4g, > 8, and with & maximum temperature when du <Ag, <0 When
the atcohil carbon-chain length becomes closer to the lipid carbos-chain length, Ax is equalized by Ag,, and the
temperature minimum of the main transition is shifled to extremely low alcohel concentrations. Hence, long-chain
alcohols predominantly elevate the main transition temperature and lose their anesthetic potency. High pressure
decreased hoth Ag, and Au. Presumably, high pressure improves the packing efficiency of liguid membranes and

decreases the difference between the solid and liguid membrane properiies.

Introduction

The response of the main transition temperature of
lipid vesicle membranes (between P, and L, phases)
to n-alcohols becomes biphasic when the alcohol car-
bon-chain length exceeds 11: temperature depression
at low alcohol concentrations and elevation at high
concentrations {1-4). The response of the transition
temperature to the alcohol concentrations is concave,
showing a minimum temperature. The existence of the
temperature minimum in the temperature-composition
diagram is similar to the solid-liquid equilibsium of
nonideal sclid solutions of two-component alloys or
arzeotrope of the gas-liquid equilibrium of nonideal
two-component liquid mixtures.

This temperature elevation by long-chain alcohols at
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their high concentration range is unrelated to the in-
terdigitation of two leaflets of the lipid monolayer
induced by shost-chain alcohols [5,6]. The biphasic
response is typical for nonideal solution and occurs by
the intermolecular interactions among lipids and long-
chain alcohols. The coexisting region of the solid-gel
and liquid-crystal states in the compesition-tempera-
ture phase diagram deviates from the monotonous
configuration of the ideal solution and becomes two
parts.

The biphasic response is not limited to the concave
mode with a minimum temperature. Inoue et al. {7.8]
reported that long-chain cationic surfactants affected
the main phase transition temperature of anionic lipid
membranes with convex mode with a maximum tem-
perature.

Previously, we [9] have analyzed the biphasic re-
sponse solely by the interaction free energies among
alcohol molecules incorporated into the liguid and
solid domains of lipid membranes. It is obvious, how-
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cver, that the alcohol-lipid interaction forces must be
considered for the alcohol effects. We revised the
previous model by considering both alcohol-alcokol
and alcohol-lipid interaction free energies. Balance
between the two determines the mode of the additive
effects on the main transition; linear, concave, or con-
vex. In this report, we analyzed the change of the main
transition temperature as a function of the concentra-
tion of alcohols, the rumber of carbon atoms in the
n-alcohol, and the applied pressure.

Theoretical model

We define x,; and x, to be the mole fractions of
the lipid and alcohol in the vesicle membrane, respec-
tively.

Iqtra=1 (1}

The free energies of the solid-gei and liquid-crystalline
phases of the membrane are expressed by G and &,
respectively.

Go=Bms¥p + Bas¥a— HgXpXa + RT{xpy log xpy + x4 J0B X4)
2)
Gy =BmiXm ¥ BaLXA — ) EpXa + RT(x0 108 Kpg+ X JOB X4)

&)

where g;; is the molecular free energy of i-th species
(i =M, A) in the j-th phase (j =S8, L), and is written

g|;=hukni: (4}

where &;; and s,; are, respectively the molecular er-
thalpy and entropy of i-th species in the j-th phase,
and u; and #, are the interaction free energies be-
tween the lipid and alcohol molecules in the solid-gel
and liquid-crystalline phases, respectively. The last
terms of the right-hand side of Eqns. 2 and 3 are the
mixing entropy terms. R and T are the pas constant
and the absolute temperature, respectively.

Because the DPPC-water partition coefficients of
long-chain alcohols are extremely high (€, = 2.2+ 10°
and C;; = 3.4 10° in mole fraction units [10], extrapo-
lated), and their water solubilities are low (C,,=2.0-
10~* and C,;=2.3-10"% molal [11]), the amount of
the dissolved aleohols in the aqueous phase is ne-
glected. The phase behavior of the two-component
system is schematically shown in Fig. 1. In a phase
diagram (Fig. 1¢), the minimum temperature is ex-
pressed by T, where the aloohol mole fraction is x,,
When the temperature is T,, the free energies of liguid
(G) and solid (Gg) are shown in (Fig. la). Fig. lb
depicts G4 and G, at the minimum temperature.
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Fig. 1. Schematic representation of free energies Gg and G, , and
phase diagram. A schematic phase diagram is shown at the bottom
{c), where the minimum temperature is expressed by T and a
temperature above the minimum by T|. The abscissa is the mole
fraction x , of the long-chain alcohels. The ordinates are: {a) and ()
free energies, and (c} temperature. (a) Free energies G and G|
when the temperature is T, in (c}. At the boundaries of the two
regions of alcohol concentrations (A-B and C-DJ), G5 and G show
commen tangents, where the solid-gel and liquid-crystalline phases
coexist. When the alcohol concenirations are putside of these reginns
(x4 < A and x, > D) the membrane is in the solid phase. When the
alcohol concentrations are inside of these regions (B < x, <C), il is
m the liquid phase. These regions are shown in the phase diagram
(c). The inlermediate regions {A < x, <B and C < x, <D} are the
coexistenice phases. (b) Free energies G and G when the tempera-
ture is 7, in {c). P’ corresponds to P in the phase diagram {c). (c}
Phase diagram in the composition-iemperature space.

At the minimum point,
Gy=GL 5)
The transition temperature, T, is expressed

Altygxpg + Ahpx, — dixgg ks

" Aspy Ko + Asats 6
where

Ay = by = Fys M
Ahp=ha —hpg (8}
Asp =Sy~ Sus (9}
ASp = 5oL Sax (10)

Au =) —ug (11)



By definition, the transition temperature, T, without
additives under applied pressure is defined

Aty
me = ASM (12)

~

Before proceeding with numerical calculations, the
mathematical structure of the biphasic change will be
analyzed, The minimum of the transition temperature,
T,. i5 shown at the point P in Fig. lc. This point
corresponds to the point P’ in the composite curve of
the free energy shown in Fig. 1b.

At point P, G, and Gg have a common tangent.

G, G
A, My

{13

From Eqns. 2, 3, and 13, we obtain
Ahtyy — Ty — Afip + Tpdss + Al —2x,)=0 (14)

By eliminating 7,, from Eqns. 6 and 14, and rearrang-
ing, we obtain the following equation that determines

the value of x,, which is the mole fraction at point P in
Fig. lc.

Asxd — A5y xg+ Aoy + {1/ QU A5y Blepy — Asydia)=0  (15)
where

As= Asy — Asy, (16)
From Eqgn. 15, the value of x; is represented as

a1 P UL UL E WA PR Y v
s ASM(+AuAsM( et A}]

(7}

With dodecanol and tridecanol, the observed x,, values
were at very low alcohol concentration range (4], hence,
they were small compared to unity. The factor du is

written as follows,
Au=Ah, —Tygds, +8,0rd=Au—(Aky - modsa) (18)

By using Eqns. 12 and 18, Eqn. 17 is rewritten as

Asy Asé V7
‘"‘r{“ “m] } (19
and
Ty =Toy 14 —28 Auxy— 8 am
[ mu{ m( iy )}

When the absolute value of & is small compared to Au,
Xg is approximately written from Eqn. 19 as

xo=8/24u (210
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Because the observed value of x, is small for dode-
canal and tridecanol [4], § is expected to be also small.
This means that Au is close to Ak, — T ,As, in Eqn.
18.

We numerically calculate theoretical parameters

dg, and Au as a function of the aumber of carbon
atoms and applied pressure, where

Ag, =3k, =T, A5, (22}

First, we determine the pressure dependence of the
enthalpy, Ah,,, in the following form.

th = thl. + pd!'M lB)

where p is the applied pressure and 4w, is the volume
change of the lipid molecule during the transition from

the solid-gel to the liquid-crystalline phases in the
absence of alcohol. From the experiment [4], we have

Aty =28 em® mot ! (24

The value of Ak, is taken to be 8.7 keal /mol [12,13}.
We assumed that Ag, and Au depend on the carbon

number, m, of the long-chain alcohols and the applied
pressure, p at limited carbon chain lengths as follows.

Aga=dgn+nidg, + pag;) (25

Ar = duy+ madu, + plduy +mau,) (26)

The parameters Ag, (i =0, 1,2) and Au, (i=10,1,2,3)
arc determined by minimizing the deviations of the
theoretical curve from the sixteen sets of experimental
data points [4].

Fig. 2 shows the result of the numerical calculations
among the transition temperature, alcohol concentra-
tions and pressure according to the theory. The agree-
ment between the theory and data is excellent with the
standard deviation within 0.57 K except for the high
pressure data of undecanol and tridecancl. Table 1
summarizes the estimated parameters of Ag, and du.
As expected, the values of § (= 4u — Ag,) were small
for dodecanol and tridecanol.

The response mode of the transition temperature
depends upon the balance between Ag, and du. At
low concentrations of additives, Eqn. 6 can be lin-
earized and 7, is approximately expressed [8] as

Aga  Xa Aux
=Tl i+ —— -—— 27
T '“"(’ Afgy |- xs Ay @n

When Ag, <0 and Au >0, or Ag, < Au <0, the tran-
sition temperature decreases monotonously. When
4g,>0 and Au<0, or Ag,>4u>0, it increases
monotonously. When du > Ag, > 0, the biphasic re-
sponse occurs with a minimal temperature. When Au
< Ag, <0, the biphasic response is accompanied by a
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TABLE 1

Estimeid theorerica! pavamerers

The values ara expressed by keal /mo) change

Pressure I1-Decanot I-Undecancl 1-Dadecanal 1-Tridecanai
(bar} Az 3u Aga As Agy Au dza du

1 .15 0.690 0.919 1.306 1.723 1.992 2.527 2538
100 0.003 0578 0.795 1.183 1.588 [.788 2.38t 2393
00 =10 0.466 0.672 1.060 1.454 1.654 2.235 2,247
kv -0.221 0.355 0.549 0937 1.319 1.519 2.089 2,102

maximal temperature, which was demonstrated by In-
oue et ai. [7,8] in the interaction of cationic surfactants
with anionic lipid vesicles.

The aleohal cancentration that forms minimum tem-
perature is cxpressed by the difference between Au
and Ag, (Eqn. 19). When the alcohol carbon-chain
length is increased to approach the membrane lipid
carbon-chain length, Au is compensated by 4g,, hence,
the alcohol concentration at the temperature minimum
{x4) shifts to the lower range. For this reason, tride-
canol and tetradecanot predominantly elevate the main
transition temperature at ambicnt pressure; they lose
their anesthetic potency.

The values of 4g, and Awu are decreasing functions
of pressure, whereas that of Ak, is an increasing
function as shown in Eqns. 22 and 23. High pressure
decreases the difference of the lipid-akohol interac-
tion energy differences (Au) between the liquid and
solid phases. It also decreases the difference between
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Fig. 2. Data puinls and theoretical curves of the change in the

lransition temperature, AT signifies the deviation of the transition

temperature in reference to the control without anesthetics at ambi-

ent pressure. (a) Decanol, {b} undecanol, {c) dodecunol, and {(d)

tridecanol. Ambient pressure (C), 100 bar { ), 200 bar { D), and 300
bar {(®).

the free energies of alcohols (dg,) in the liquid and
solid membranes. This means that high pressure im-
proves the packing efficiency of the lipid molecule,
more in the liquid phase than in the solid phase, and
elevates the main transition temperature. In this gon-
text, high pressure may decrease the difference in the
properties between the solid and liguid membranes.
The decrease in the property difference hetween the
solid and liquid states may be the cause of the en-
hancement of the biphasic response by high pressure,
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