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Long-chain n-alcohols decrease the main phase-t~tlSlltOil tttllllterature of lipid vesicle membranes at low ¢oKengnm- 
liens but increase it at high cmaeentratien~ The nonlinear [~dlt, tomemm is tmrelat~ to ~ httecdi~totiN aad is 
analyzed by assuming that alcohols form solid solutiem with solid as well u Iklmld pltmes. TI~ bipltmk response 
odginales from the Imlanee of the free enerlff difference of akehols in the Ik l l~  ~ ~ melabt ' la~ (AIfA) A d  
the alcohol-lipid Interaction free energy diffcRne¢ (Au)  between the twe phases. ~ tem AgA < @ ~ AU > ~ er 
A~[A<:Au < 0, the t lPanslti~ temperature Ik~reas~  n touo toao~ty  ac t ' o~ i l l s  to ~ h t e r e a ~  i l  ~ akohol  
concentration. When A g  x > 0 and AB < 0, or Ag A >,1-, > 0, it increases ~ .  Biplkadc rmpeme ncmrs 
with n talnlmum temperature when Au > Ag A > 0, and wi~ a maximum temlmatme wlkm ~,,  < A£A < 0. When 
the tlit~01 earbon-chain lea~h becomes closer to the lipid atrbomcbaia k*tqltlt, Am is e q i l l z d  by AtA, and the 
tempemm~ minimum of the main transitiem is shifted to extremely low aleolml emceaqratim~ ~ Ioag-¢lmlm 
aleehol~ ptmlominantl~ elevate the maln tmmilhm temlm~ture aml ~ tlg4r ~ ling'roT. Higk pceum~ 
deereasml both A&A and Au. Presumably, high pt~smre imlmDves the lm¢ldng elllkimcy of likLm~ memlwamm a~!  
decreases t ie  difference between the solid aad lkl~id membrane IH~erltes. 

i l t f0 lh¢ien 

The response of the main transition temperature of 
lipid vesicle membranes (between Pa' 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 
diasram is similar to the solid-liquid equil~rium of 
nonideal solid solutions of two-component all~s or 
azeotmpe of the 8as-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 monolaycx 
induced by short-chain alcohols [5,6]. The biphasic 
response is typical for nonidcal solution and occurs by 
the interrnolecular interactions among lipid, and long- 
chain alcohols. Tim coexisting region 9f the solidi-get 
and liquid-crystal states in the composition-tempora- 
turc phase diagram deviates from the monolonOm 
configuration of the ideal solution and becomes two 
parts. 

The biphasic response is not limited to the concave 
mode with a minimum temparamr¢. Inone 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- 
porature. 

Previously, we [9] haw analyzed the biphasic re- 
sponse solely by the interaction free energies among 
alcohol molecules incorporated into the liquid and 
solid domains of lipid membranes, it is obvious, how- 
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cvcL that the alcohol-l ipid interaction forces must be 
considered for the alcohol effects. We revised the 
previous model by considering both alcohol-alcohol 
and alcohol-l ipid 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 number of  carbon atoms in the 
malcohol, and the applied pressure. 

Theoretical model 

Wc define XM and XA tO be the mole fractions of 
the lipid and alcohol in the vesicle membrane, respec- 
tively. 

XM -P .t'A = I (l) 

The free energies of the solid-gel and liquid-crystalline 
phases of the membrane are expressed by G s and GL, 
respectively. 

GS -- gMSXM 4- g.~hX A-  UsXMX A + R T ( x ~ t  log X~¢ + X A log XA) 

(2) 

G't. = gM).XM -I- gALXA-- UI.X MXA-I- RTIX~f log X M ÷ X A  log XA) 

(3) 

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

g,! = h,2 -- 'T.s~, (4} 

where h 0 and s,i are, respectively the molecular en- 
thalpy and entropy of  i-th species in the j- th phase, 
and us and UL 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  F_.qns. 2 and 3 are the 
mixing entropy terms. R and T are the gas constant 
and the absolute temperature,  respectively. 

Because the DPPC-water  partition coefficients of 
long-chain alcohols are extremely high (C10 = 2 .2 .10  s 
and C,2 = 3.4 • 10* in mole fraction units [10], extrapo- 
lated), and their water solubilities are low (C,o = 2.0- 
1 0 - '  and C , 2 = 2 . 3  - 10 -~ molal [11]), the  amount of  
the dissolved alcohols 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. ]e), the minimum temperature  is ex- 
pressed by T O where the alcohol mole fraction is x 0, 
When the temperature is T I, the free energies of  liquid 
(GL;  and solid (G s) are shown in (Fig. la). Fig. lb  
depicts G s and G L at the minimum temperature.  

A• T = T1 GL GO 
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Fig. 1. Schematic representation of  fre¢ energies G s and G L, 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 I. The abscissa is the mole 
fraction x A of the long-chain alcohols. The ordinates are: (al and (b) 
free energies, and (c) temperature. (a) Free en©rgles Gs and G L 
when the temperature is T I in (c). At the boundaries of the two 
regions of alcohol concentrations (A-B and C-D), Gs and GL show 
common tangents, where the solid-gel and liquid-crystalline phases 
coexist. When the alcohol concentrations are ~tside of these reginns 
(xA < A and x A > D) the membrane is in the solid phase. When the 
alcohol concentrations are inside of these regions (B < x A < C), it is 
in the liquid phase. These regions are shown in the phase diagram 
(c). The inlermediatc regions (A < x A < B and C < x A < D) are the 
coexistence phases. (b) Free energies G s and G L when the tempera. 
ture is T, in {c). P' corresponds to P in the phase diagram (c}. (c) 

Phase diagram in the composition-temperature space. 

At  the m in imum point ,  

G s = G L 15) 

The transition temperature,  T m, is expressed 

AhMX M 4- A/lAX A -dU. rMX A 
T,, = (6) 

dsMx m + Asxx A 

where 

d, hM - kML - hMs (7) 

dhA = hAL - has (S) 

ASM = SML -- SMS (9) 

'tSA = ~AL - ~AS (lO) 

Zlu = uL - us  ( t l )  
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By definition, the transition temperature, Tmo, without 
additives under applied pressure is defined 

ahM 
Tm ~ - (12) 

~s M 

Before proceeding with numerical calculations, the 
mathematical structure of the biphasie change will be 
analyzed, The minimum of the transition temperature, 
To. is 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. lb. 

At  point P',  GL and G s have a common tangent. 

~GL aGs (13)  
~X a iiX a 

From Eqns. 2, 3, and 13, we obtain 

~k m - TrnAsrd - 4~h^ + T=AsA + /tu( 1 - - 2 x  A } *= 0 ( 14} 

By eliminating Tm from Eqns. 6 and t4, and rearrang- 
ing, we obtain the following equation that determines 
the value of x 0, which is the mole fraction at point P in 
Fig. le. 

ASt~--2ZISMXO+a.%I+{I//.IU)IAsAAhr.4--AsM3hA)=O (15) 

where 

/ i s  = as  M - As A (16)  

From Eqn. 15, the value of x 0 is represented as 

~ls M [ I 1 -  " I 1"2" 
~ls ! _ Asr~ZlhA)I! I 

(17) 

With dodeeanol and trideeanol, the observed xo values 
were at very low alcohol concentration range [4], hence, 
they were small compared to unity. The factor au  is 
written as follows. 

A= = ah  A -  TBoAa A + 8, or  f - zlu - ( a h  A - TmoAsA) ( t 8 )  

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

a s M ,  { t _  a s ,  ~'/2~ (19)  

a n d  

TtI = T=O{ I + ~sM X~_OxOgls(tlU'IO -- ~) } (20) 

When the absolute value of 6 is small compared to du ,  
x0 is approximately written from Eqn. 19 as 

x o - B / 2 a u  (21)  

Because the observed value of x o is small for dode- 
canol and tridccanol [4], 8 is expected to be also small. 
This means that ~u is close to z l h ~ , -  Ti, oAs,~ in Eqn. 
18. 

We numerically calculate theoretical parameters 
zig A and au  as a function of the number of carbon 
atoms and applied pressure, where 

,.t g A = .th a - Tr,O '-3sA (22) 

First, we determine the pressure dependence of the 
enth~lpy, AhM, in the following form. 

&hM ~ Ahxt,, + P&'M (23) 

where p is the applied pressure and A v  M is the volume 
change of the lipid molecule during the transition from 
the solid-gel to the liquid-crystalline p h a ~ s  in the 
absence of alcohol. From the experiment [4], we have 

2h'm ~ 28 cm "~ too| - i (24) 

The value of Ah~z o is taken to be 8.7 kcal /mol  [12,13[ 
We assumed that zig A and a u  depend on the carbon 
number, m, of the long-chain alcohols and the applied 
pressure, p at limited carbon chain lengths as follows. 

&gA # dg~ + rn( 3g~ + Prig2) (25) 

au = ,.siuij + mAut + P|~Uz ÷ m'iu3 ) (26) 

The parameters Ag~ (i = 0, 1, 2) and Au~ (i = 0, 1, 2, 3) 
are 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 tridecanol. Table I 
summarizes the estimated parameters of zig A and Au.  
As expected, the values o f  ,~ ( ~ a u  - A g  A)  were small 
for dodecanol and tr idecand.  

The response mode of the transition temperature 
depends upon the balance between A B  A and Au.  At 
low concentrations of  additives, Eqn. 6 cap be lin- 
earizcd and T m is approximately expressed [8] as 

Age, x^ ~lla^ / (27) 
T==Y=o i+daM I-XA ~IhM) 

When alga < 0 and ziu > 0, or A g  A < A u  < 0, the tran- 
sition temperature decreases monotonously When 
A g A > 0  and d u < O ,  or Z IgA >A U >0 ,  it increases 
monotonously. When zlu > 4gA > 0, the biphasic re- 
sponse occurs with a minimal temperature. When du 
< / I g  A < 0, the biphasie response is accompanied by a 
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TABLE I 

~.~timvf:d theoretical parameters 

The walue~ ate esoressed by kcai/mo] change 

Pressure I -Decano[ 
(bar) Ag A 21U 

I-Undccanol l-Dodecanol 1-Tridecanal 

Ag A A:f Ag A Au Ag A ;lu 

I 0.115 0. f'5~0 0.919 1.30¢-, 
10O 0.(B3 0.578 0.795 I. 183 
2~) - 0. I I 0 0.466 0.672 1.060 
300 - 0.221 (].355 0.549 0.937 

1.723 1.992 2.527 2.538 
1.58S 1.788 2.381 2.393 
1.454 1.654 2.23.5 2247 
1.319 1.519 2.089 2,102 

maximal  t e m p e r a t u r e ,  which  was  d e m o n s t r a t e d  by In- 
oue  et  ai. [7,8] in t he  in te rac t ion  o f  ca t ionic  su r fac tan t s  
with anionic  lipid vesicles.  

T h e  a lcohol  concen t ra t ion  tha t  fo rms  m i n i m u m  tem-  
pe r a t u r e  is expressed  by the  d i f f e r ence  b e t w e e n  Au 
and  Ag,, ,  (Eqn .  19). W h e n  the  a lcohol  c a rbon -cha in  
length is inc reased  to app roach  t h e  m e m b r a n e  lipid 
ca rbon-cha in  length ,  zlu is c o m p e n s a t e d  by AgA, hence ,  
the alcohol concentration at the temperature minimum 
(xo) shifts to the lower range. For this reason, tride- 
eanol and tetradecanot predominantly elevate the main 
transition temperature at ambient pressure; they lose 
their anesthetic potency. 

The values of Zig A and Au are decreasing functions 
of pressure, whereas that of Ah u is an increasing 
function as shown in Eqns. 22 and 23. High pressure 
decreases the difference of the lipid-alcohol interac- 
tion energy differences (Au)  between the liquid and 
solid phases. It also decreases the difference between 

e a h 

0 0.1 0 .2  O,a 0 .4  O 0.1 0 .2  O,S 0 .4  

Xk X A 
FiB. 2. Data lminls and theoretical curves of the change in the 
Iransition temperalure..~T signifies the deviation of Ihe transition 
temperature in reteTencc to Ih¢ C~ntrol without anesthetics at ambi- 
enl pressure. (a) Dgcanol, (b) undecanol, (c} dodecanol, and (d) 
tridecanol. Ambient pressure (o). 100 bar 1 ,x), 200 bar ( [2 ), and 300 

bar (e). 

the free energies of alcohols (Ag A) 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 ann- 
text, high pressure may decrease the difference in the 
p r o p e r t i e s  b e t w e e n  t h e  sol id a n d  l iquid m e m b r a n e s ,  
T h e  dec r ea se  in t he  p r o p e r t y  d i f f e rence  b e t w e e n  t h e  
sol id and  l iquid s ta tes  may be  the  cause  o f  t h e  e n -  
h a n c e m e n t  o f  t he  b iphas ie  r e sponse  by  h igh  p res su re ,  
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