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Abstract

Ž .The phase transitions of dipalmitoylphosphatidylcholine DPPC bilayer membrane were observed by means of
Ž . Ž .differential scanning calorimetry DSC as a function of the concentration of local anesthetics, dibucaine DC?HCl ,

Ž . Ž . Ž .tetracaine TC?HCl , lidocaine LC ?HCl and procaine hydrochlorides PC ?HCl . LC ?HCl and PC ?HCl depressed
monotonously the temperatures of the main- and pre-transition of DPPC bilayer membrane. The enthalpy changes
of both transitions decreased slightly with an increase in anesthetic concentration up to 160 mmol kgy1. In contrast,
the addition of TC?HCl or DC?HCl, having the ability to form a micelle by itself, induced the complex phase
behavior of DPPC bilayer membrane including the vesicle-to-micelle transition. The depression of both temperatures
of the main- and pre-transition, which is accompanied with a decrease in enthalpy, was observed by the addition of
TC?HCl up to 21 mmol kgy1 or DC?HCl up to 11 mmol kgy1. The pretransition disappeared when these
concentrations of anesthetic were added, and the interdigitated gel phase appeared above these concentrations. The
appearance of the interdigitated gel phase, instead of the ripple gel phase, brings about the stabilization of the gel

y1 y1 Ž y1phase by 1.8]2.4 kcal mol . In the concentration range of 70]120 mmol kg TC?HCl or 40]60 mmol kg
.DC?HCl , the enthalpy of the main transition exhibited a drastic decrease, resulting in the virtual disappearance of

the main transition. This process includes the decrease in vesicle size with increasing anesthetic concentration,
resulting in the mixed micelle of DPPC and anesthetics. Therefore, in this range of anesthetic concentration, the
DPPC vesicle solubilized an anesthetic which coexists with the DPPC]anesthetic mixed micelle. Above the

y1 Ž y1 .concentration of 120 mmol kg TC?HCl or 60 mmol kg DC?HCl , there exists the DPPC]anesthetic mixed
micelle. Two types of new transitions concerned with the mixed micelle of DPPC and micelle-forming anesthetics
were observed by DSC. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Anesthetics are known as a typical drug which
w xacts directly on the biomembranes 1 . The molec-

ular mechanism of anesthetic action is still uncer-
tain, but the site of this action is generally pre-
sumed to be the cellular membrane of the
neuron. In order to elucidate the molecular
interactions between biological membranes and
anesthetic molecules, many physico-chemical ap-
proaches have been reported using model
biomembranes such as phospholipid bilayers. In
general, the effect of drugs on the biological
membrane has been discussed on fluidity or phase
transition of the membrane. A few studies on the
phase behavior of the phospholipid bilayer in the
presence of anesthetics have been reported by
physico-chemical methods. A representative
phospholipid, dipalmitoylphosphatidylcholine
Ž .DPPC has been widely used in the study of the
model biomembranes. It is well known that the
DPPC bilayer membrane undergoes three phase
transitions with increasing temperature; the sub-

Ž .transition from the lamellar crystal L phase toc
Ž X.the lamellar gel L phase, the pretransitionb

Ž .from the L 9 phase to the ripple gel P 9 phaseb b

and the main transition from the P X phase to theb

Ž . w xliquid crystal L phase 2]5 . The phase transi-a

tion temperatures of DPPC bilayer membrane
were depressed by the addition of anesthetics in a

w xdose-dependent manner 6]14 . The difference in
this temperature-depression dependent on anes-
thetics has a good relation with the anesthetic
potency, therefore, this phenomenon may suggest
an important relation with the anesthetic mecha-
nism. On the other hand, the phase transition
temperatures were elevated by the pressure, and
the pressure-anesthetic antagonism has been re-
produced by using the model biomembranes
w x15]20 . Recent studies on the phase behavior of
DPPC bilayer membrane have suggested that

Ž .there exists an interdigitated gel L I phase in-b

w xduced by high concentration of alcohols 14,21]24
w xand local anesthetics 25]27 as well as high pres-

w xsure 28]33 . However, there is little information
about the influence of local anesthetics on the

w xphase behavior of DPPC bilayer membranes 27 ,

although it seems to be useful for better under-
standing of anesthetic mechanisms.

In the present study, the effect of local anes-
Ž . Žthetics, i.e. dibucaine DC?HCl , tetracaine TC?

. Ž .HCl , lidocaine LC ?HCl and procaine hydro-
Ž .chlorides PC ?HCl , on the phase behavior of

DPPC bilayer membrane has been investigated by
Ž .the differential scanning calorimetry DSC . Since

some local anesthetics are known to form micelle
w xin the aqueous solution 34]37 , the vesicle]

micelle equilibrium in the presence of local anes-
thetics around the critical micelle concentration
Ž .CMC is also elucidated by means of the light
scattering technique in view of the colloidal as-
pects.

2. Materials and methods

2.1. Materials

Four local anesthetic hydrochlorides,

Ž .v dibucaine: 2-butoxy-N- 2-diethylaminoethyl -
Ž .4-quinolinecarboxamide DC?HCl ;

Ž . Žv tetracaine: 2- dimethylamino ethyl-4- butyl-
. Ž .amino benzoate TC?HCl ;

Ž . Žv lidocaine: 2- diethylamino -N- 2,6-dimethyl-
. Ž .phenyl acetamide LC ?HCl ; and

Ž . Ž .v procaine: 2- diethylamino ethyl-p- amino ben-
Ž .zoate PC ?HCl

Žwere obtained from Sigma Chemicals St. Louis,
.MO, USA in the crystalline form and recrystal-

lized several times from ethanol. For the study of
the anesthetic effect, these local anesthetics were
first dissolved in distilled water.

Synthetic DPPC, 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine was purchased from Sigma
Chemicals and used without further purification.
According to the suppliers, the purity is better
than 99%. Lipid powder was first suspended in
various anesthetic solutions to give a lipid con-
centration of 2.0 mmol kgy1. Measurements were
made on these anesthetic solutions ranging in

Ž .concentration up to 90.0 for DC?HCl or 160.0
y1 Ž .mmol kg for other anesthetics . Chemical
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structures of phospholipid and local anesthetics
used are shown in Fig. 1. This anesthetic]lipid
suspension was sonicated weakly by using a Bran-
son Sonifier Model 185 and a cup horn at a
temperature several degrees above the main-tran-
sition temperature for 5 min, in order to prepare
the phospholipid multilamellar vesicles suitable

w xfor the phase transition measurements 32,33 .
Before the measurements, the suspension was
degassed for 3 min.

2.2. Differential scanning calorimetry

The phase transitions of DPPC bilayer mem-

brane in the presence of local anesthetics were
observed by a MicroCal MCS high-sensitivity dif-

Žferential scanning calorimeter Northampton,
.MA, USA . The heating and cooling rates were

0.75 K miny1.

2.3. Electrical conductï ity measurement

The electrical conductivity of DPPC multi-
lamellar vesicle suspension, in the presence of
local anesthetics, was measured with a Denki

ŽKagaku Keiki AOL-40 conductivity meter DKK
.Corporation, Japan . The cell constant was cali-

brated with a standard potassium chloride solu-

Ž . Ž .Fig. 1. Molecular structures of A phospholipid and B local anesthetics.
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tion. Temperature of conductivity cells was raised
at the same rate of DSC heating scan, 0.75 K
miny1, by circulating water from a thermocon-

Žtroller YSC-9012 Yamashita Giken, Tokushima,
.Japan .

2.4. Dynamic light scattering

The average size of DPPC]TC?HCl aggregates
was measured by a dynamic light-scattering spec-

Žtrophotometer DLS-7000 Otsuka Electronics,
.Osaka, Japan with a He]Ne laser operating at

633 nm. All measurements were made at temper-
atures of 35 and 458C, maintained by a recirculat-
ing water bath. The intensity autocorrelation
function was analyzed by the method of his-
tograms. Stock solutions were filtered through
0.45 mm Millipore filters prior to each measure-
ment.

3. Results and discussion

3.1. Effect of TC ?HCl on DPPC bilayer membrane

Fig. 2 shows typical DSC thermograms of DPPC
bilayer membranes at several concentrations of
TC?HCl. The temperatures of main transition
Ž . Ž .T and pretransition T in the absence ofm p
TC?HCl were observed at 41.2 and 34.18C, re-
spectively, which are in good agreement with pre-

w xvious data 2]5 . The endothermic peak of the
main transition was observed in all the thermo-
grams and became broader as the TC?HCl con-
centration increases. T was depressed by them
addition of TC?HCl. T was also depressed. Thep
endothermic peak of the pretransition became
smaller by the addition of TC?HCl and has disap-
peared at the concentration above 21 mmol kgy1.
In the presence of higher concentration of
TC?HCl, we found two types of new transitions.
One is the transition observed at a higher concen-
tration than 71 mmol kgy1 TC?HCl, which is
called the new transition 1. The temperature of
new transition 1 was elevated steeply as the con-
centration of TC?HCl increases. The other is that
the transition appeared on the second heating
scan at a concentration higher than 110 mmol

Fig. 2. DSC heating thermograms of DPPC bilayer membrane
Ž . Ž .at several TC?HCl concentrations: a without TC?HCl, b

y1 Ž . y120.0 mmol kg TC?HCl, c 83.0 mmol kg TC?HCl and
Ž . y1 Ž .d 120.0 mmol kg TC?HCl. Thermograms d include the
reheating scan. DPPC concentration is 2.0 mmol kgy1.

kgy1 TC?HCl, which is called the new transition
2.

Expanded DSC thermograms of DPPC bilayer
membrane are shown in Fig. 3 in the range of
temperature below the main transition. In a nar-
row range of the TC?HCl concentration from 21
to 27 mmol kgy1, two types of small endothermic
peaks on the DSC thermogram were observed.
Since the L I phase is known to be induced byb

the addition of tetracaine as well as ethanol and
w xseveral surface active small molecules 25 , this

observation may be attributed to the appearance
of the L I phase instead of the L X phase and theb b

X w xdisappearance of the P phase. Ohki et al. 22b

have observed the analogous phase transition of
DPPC bilayer membrane in the presence of
ethanol.

The phase transition temperatures of DPPC
bilayer membranes are shown in Fig. 4 as a func-
tion of TC?HCl concentration up to 160 mmol
kgy1. Both T and T were gradually depressedm p
by an increase in TC?HCl concentration, and
TC?HCl depressed effectively T rather than T .p m
Because the pretransition depends on the surface
structure of the membrane, the anesthetics seem
to be affected strongly on the surface structure of
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Fig. 3. Appearance of an interdigitated gel phase on DSC
thermograms of DPPC bilayer membrane at various TC?HCl

Ž . y1 Ž .concentrations: a 21.09 mmol kg TC?HCl, b 23.06 mmol
y1 Ž . y1 Ž .kg TC?HCl, c 25.19 mmol kg TC?HCl and d 27.08

mmol kgy1 TC?HCl.

DPPC bilayer membrane. On the other hand, the
thermodynamic equation expressing the depres-
sion of the phase-transition temperature includes

Ž .the transition enthalpy D H in denominatort
w x9,20 . Since the enthalpy change for the pretran-
sition is significantly smaller than that for the

w xmain transition 2]5 , the depression of the tran-
sition temperature for the pretransition is ampli-
fied. It is noteworthy that the L I phase insteadb

of the P X phase appears at a concentration ofb

TC?HCl above 21 mmol kgy1. Interdigitation of
the DPPC bilayer has been observed by the addi-

w x w xtion of ethanol 14,21]24 , 1-butanol 38 and
w xother surface-active small molecules 25,39,40 ,

w xand induced by the high-pressure 28]33 . The
temperature of transition from the L I phase tob

the P X phase showed a steep increase with anb

increase in TC?HCl concentration, then the tran-
sition was absorbed into the main transition in
the presence of TC?HCl above 28 mmol kgy1. A
phase boundary between the L X and the L Ib b

phases was observed at a narrow range of TC?HCl
concentration of approximately 21 mmol kgy1.
This TC?HCl concentration can be regarded as
the critical concentration for the interdigitation
of DPPC bilayer. Since the L I phase was in-b

Fig. 4. Phase transition temperatures of DPPC bilayer mem-
brane as a function of TC?HCl concentration. Phase transi-

Ž . Ž . Ž .tion: I pre-transition, e L IªP 9 transition, ` mainb b

Ž . Ž .transition, ( main transition on the cooling scan, ^ new
Ž .transition 1, \ new transition 2. DPPC concentration is 2.0

mmol kgy1.

duced by both pressure and tetracaine, the induc-
tion of the L I phase has been confirmed by theb

w xmethods of high-pressure FT-IR 41 and high-
31 w xpressure P-NMR 26 . These observations were

performed at a finite concentration of tetracaine.
The present results, however, show the critical
concentration of tetracaine for the interdigitation
of the DPPC bilayer membrane. With respect to
the phase boundary between L and L I phases,a b

there was the temperature gap between heating
w xand cooling scans. Rowe and Cutrera 21 have

observed similar hysteresis on the phase transi-
tion of distearoylphosphatidylcholine bilayer
membrane in the presence of ethanol above 25
mg mly1. This hysteresis may be attributable to a
different receptivity to tetracaine partitioning
between L and L I phases and to a slow trans-a b

formation into the L I phase.b

With respect to the mechanism of the induc-
w xtion of the L I phase, McIntosh et al. 25 haveb

explained the following. When small amphiphilic
molecules are located in the interfacial region of
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gel state DPPC liposomes, they anchor to the
interface by virtue of their polar moiety, with the
non-polar part of the molecule intercalating
between the rigid acyl chains. In the case of short
amphiphilic molecules whose non-polar moieties
are not as long as the DPPC hydrocarbon chains,
this would potentially cause voids between chains
in the bilayer interior. Since the energy of forma-
tion of holes in hydrocarbons is extremely large,
the chains must eliminate the voids. To do this,
the chains in the bilayer could interdigitate. The
lowest energy phase is the interdigitated phase.

w xRecently, Kinoshita and Yamazaki 42 have pro-
posed a new hypothesis, which is based on the x
Ž .chi parameter, that is, an interaction energy
parameter between the surface segments of DPPC
bilayer and solvents. The main reason for the
induction of L I phase is the decrease of the xb

parameter between the segments of the terminal
alkyl chain of the phospholipid and solvents by
the addition of organic molecules.

The new transitions 1 and 2 were observed in
the presence of TC?HCl more than 71 and 110
mmol kgy1, respectively. TC?HCl is known to
form a micelle by itself at concentrations above

y1 w x128 mmol kg 36,37 . As mentioned below, the
presence of LC ?HCl and PC ?HCl, which do not
form micelles at any concentration, did not show
the new transitions 1 and 2. Therefore, the new
transitions 1 and 2 would concern themselves
with the mixed micelle of DPPC and micelle-
forming anesthetics. The temperature of the new
transition 1 was elevated steeply as the concentra-
tion of TC?HCl increases, whereas the tempera-
ture of the new transition 2 was depressed gradu-
ally.

The phase transition enthalpies of DPPC bi-
layer membranes are shown in Fig. 5 as a func-
tion of TC?HCl concentration up to 160 mmol
kgy1. Enthalpy changes associated with the pre-
transition and the main-transition in the absence
of TC?HCl were found to be 1.1 and 8.6 kcal
moly1, respectively, which are in good agreement

w xwith previously reported data 2]5 . The enthalpy
change for the pretransition decreased with in-
creasing TC?HCl concentration and then ap-
proached to zero at 21 mmol kgy1 TC?HCl,
which corresponds to the disappearance of the

pretransition. In the case of the addition of
w xethanol, similar results have been observed 21 .

The enthalpy of the main transition was reduced
by 1.5 kcal moly1 with increasing TC?HCl con-
centration up to 21 mmol kgy1, and then in-
creased steeply with an increase in TC?HCl con-
centration from 21 to 25 mmol kgy1. An increase
in enthalpy amounts to 1.8 kcal moly1. In the
concentration range of 25]70 mmol kgy1

TC?HCl, the main-transition enthalpy increased
gradually from 8.9 to 9.6 kcal moly1 with increas-
ing TC?HCl concentration. With respect to the
main transition, the phase change observed is
different, below 21 mmol kgy1 and above 25
mmol kgy1 TC?HCl, which is the P X to Lb a

transition and the L I to L transition, respec-b a

tively. The decrease in enthalpy with increasing
TC?HCl concentration below 21 mmol kgy1 may
represent the P 9 phase being destabilized by theb

addition of TC?HCl. In contrast, the appearance
Ž .of the L I phase instead of the P 9 or L 9b b b

phase brings about the stabilization of gel phase
by 1.8 kcal moly1 and the L I phase is continu-b

ously stabilized by the addition of TC?HCl above
25 mmol kgy1. The continuous addition of TC?
HCl more than 70 mmol kgy1 brings about the
drastic decrease in enthalpy of transition and the
virtual disappearance of the main transition at
the concentration above 140 mmol kgy1 TC?HCl.
Judging from the ability of tetracaine to form
micelles, we imagine the formation of DPPC]te-
tracaine mixed micelles and the vesicle-to-micelle
transition induced by the addition of TC?HCl,
which is discussed later on.

Second heating scans of DSC measurements
were performed as follows. The DPPC]TC?HCl
suspension was cooled to 58C in the calorimeter
sink after the first heating scan, allowed to stand

Ž .for a short time ordinarily 1]2 h , and then
heated. The temperatures of the main transition
between first and second scans were in good
agreement with each other, but the enthalpy of
the main transition showed hysteresis in the range
of TC?HCl concentration from 80 to 140 mmol
kgy1, which is shown in Fig. 5 as closed circles.
This hysteresis may be attributable to the mixed
micelle-to-vesicle transformation being slow.

The enthalpy change for the new transition 1
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Fig. 5. Transition enthalpies of DPPC bilayer membranes as a
Ž .function of TC?HCl concentration. Phase transition: I

Ž . Ž .pre-transition, ` main transition at the first scan, v main
Ž .transition at the second scan, ^ new transition 1.

which appears in the presence of TC?HCl more
than 71 mmol kgy1 increased with increasing

TC?HCl concentration and remained at a fairly
constant value at the concentration of TC?HCl
above 90 mmol kgy1. The enthalpy change for the
new transition 2 cannot be determined because of
the unstable baseline on DSC thermogram at
lower temperature regions.

3.2. Effect of DC ?HCl on DPPC bilayer membrane

The effect of DC?HCl on the phase-transition
temperatures of DPPC bilayer membrane is

Ž .shown in Fig. 6 A as a function of DC?HCl
concentration up to 90 mmol kgy1. The situation
of this phase diagram is almost the same as the

Ž .DPPC]TC?HCl system Fig. 4 except for the
anesthetic concentration being lowered. This may
be dependent upon the hydrophobicity of anes-
thetic molecules: dibucaine is more hydrophobic
than tetracaine as is seen from the values of
CMC for DC?HCl and TC?HCl to be 79 and 128

y1 w xmmol kg 36,37 , respectively. The main transi-
tion of DPPC bilayer membrane was observed in
all ranges of DC?HCl concentration studied al-
though the endothermic peak became signifi-
cantly smaller by the addition of DC?HCl over 60
mmol kgy1. The addition of DC?HCl above the

Ž . Ž .Fig. 6. Effect of DC?HCl on the DPPC bilayer membrane. A Transition temperature, B transition enthalpy. Phase transition:
Ž . Ž . Ž . Ž . Ž .I pre-transition, ` main transition, ( main transition on the cooling scan, v main transition at the second scan, ^ new

Ž . y1transition 1, \ new transition 2. DPPC concentration is 2.0 mmol kg .
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concentration of 11 mmol kgy1 brought about the
disappearance of the pretransition and the induc-
tion of the interdigitation on the lipid bilayer
membrane. The critical concentration of anes-
thetic-induced interdigitation was 11 mmol kgy1

Žfor DC?HCl, which is lower than that 21 mmol
y1 .kg for TC?HCl. The new transitions 1 and 2

were also observed in this system at the DC?HCl
concentration above 42 and 56 mmol kgy1, re-
spectively. These transitions in the presence of
dibucaine take place at lower anesthetic concen-
tration than those in the presence of tetracaine,
which are predictable from the difference in hy-
drophobicity of anesthetic molecules.

The effect of DC?HCl on the phase transition
enthalpies of DPPC bilayer membranes is shown

Ž .in Fig. 6 B as a function of DC?HCl concentra-
tion up to 90 mmol kgy1. The enthalpy profile of
the DPPC]DC?HCl system resembles that of the
DPPC]TC?HCl system. The enthalpy change for
the pretransition exhibited a decrease with in-
creasing DC?HCl concentration and then ap-
proached to zero in the presence of 11 mmol
kgy1 DC?HCl at which the pretransition has
disappeared. Regarding the main transition, the
phase change being observed is different below
and above 11 mmol kgy1 DC?HCl, which is the
P 9 to L transition and the L I to L transition,b a b a

respectively. The enthalpy of the main transition
was reduced initially by 3.0 kcal moly1 with an
increase in DC?HCl concentration up to 11 mmol
kgy1, and then increased suddenly by 2.4 kcal
moly1 associated with the appearance of the L Ib

phase. In the concentration range of 11]40 mmol
kgy1 DC?HCl, the enthalpy of the L I to Lb a

transition increased gradually from 8.0 to 10.0
kcal moly1 with increasing DC?HCl concentra-
tion. DC?HCl destabilized the P X phase andb

stabilized the L I phase. The effect of DC?HClb

is similar to TC?HCl, but DC?HCl is more effec-
tive than TC?HCl. The addition of DC?HCl be-
yond 40 mmol kgy1 brings about the drastic de-
crease in enthalpy of transition in a similar man-
ner to the DPPC]TC?HCl system. In the range
of DC?HCl concentration of 40]60 mmol kgy1,
the main transition on DSC thermograms between
first and second scans showed an enthalpy gap,

which was observed already in the DPPC]TC?
HCl system as mentioned before. The enthalpy
change for the new transition 1 which appears in
the presence of DC?HCl more than 42 mmol
kgy1 increased gradually with increasing DC?HCl
concentration.

3.3. Effects of LC ?HCl and PC?HCl on DPPC
bilayer membrane

The effect of LC ?HCl on the phase-transition
temperatures and the transition enthalpies of
DPPC bilayer membrane are shown in Fig. 7 as a
function of LC ?HCl concentration up to 160
mmol kgy1. With respect to the effect of PC ?HCl,
the phase-transition temperatures and the transi-
tion enthalpies are shown in Fig. 8 as a function
of PC ?HCl concentration up to 160 mmol kgy1.
Both the main transition and pretransition of
DPPC bilayer membrane were observed through-
out the anesthetic concentration studied. How-
ever, the L I phase and the new transitions 1 andb

2 were not induced by these anesthetics. Both Tm
and T were depressed gradually by the additionp
of LC ?HCl or PC ?HCl. All the anesthetics used
depressed effectively T rather than T . The or-p m
der of the depression of phase]transition temper-
atures by these local anesthetics was DC?HCl)
TC?HCl)LC ?HCl)PC ?HCl, which was consis-
tent with the order of hydrophobicity of anes-
thetic molecules. Lidocaine and procaine below
160 mmol kgy1 did not induce the L I phase inb

DPPC bilayer. Judging from the dependence of
main- and pre-transition temperatures on their
concentrations and the order of hydrophobicity of
these local anesthetics, we presume that higher
concentrations of lidocaine and procaine would
induce the L I phase in the DPPC bilayer.b

The enthalpy of the main transition of DPPC
bilayer membrane decreased slightly by the addi-
tion of LC ?HCl or PC ?HCl. The difference in
enthalpy decrease between both anesthetics was
hardly detectable in the concentration range stud-
ied. With respect to the pretransition, the en-
thalpy decrease by the addition of LC ?HCl is
slightly significant compared with the addition of
PC ?HCl.
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Ž . Ž .Fig. 7. Effect of LC ?HCl on the DPPC bilayer membrane. A Transition temperature, B transition enthalpy. Phase transition:
Ž . Ž . y1I pre-transition, ` main transition. DPPC concentration is 2.0 mmol kg .

3.4. Anesthetic induced ¨esicle-to-micelle transition

The studies of the vesicle]micelle transition in
phospholipid]surfactant mixtures have been per-
formed with various techniques including fluo-

w x w x w xrescence 43]45 , ESR 45 , DSC 46 , transmis-

w xsion electron microscopy 47,48 , light scattering
w x w x47]50 , HPLC 50 and small angle X-ray scatter-

w xing 50 . These measurements have revealed the
transformation pathway from vesicle to mixed mi-
celle. Up to a certain concentration of surfactant,
the vesicle size increases gradually due to swelling

Ž . Ž .Fig. 8. Effect of PC ?HCl on the DPPC bilayer membrane. A Transition temperature, B transition enthalpy. Phase transition:
Ž . Ž . y1I pre-transition, ` main transition. DPPC concentration is 2.0 mmol kg .
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Table 1
Ž .Average diameter nm of DPPC]TC?HCl aggregates in the solution at various concentrations of TC?HCl. DPPC concentration

y1remains constant at 2.0 mmol kg

y1Ž .Temperature TC?HCl concentration mmol kg

0 60 70 80 90 100 120 140

458C 321 292 282 212 88 34 -5 -5
358C 312 301 269 241 70 27 -5 -5

of the bilayer membrane with the surfactant, re-
gardless of the lipid concentration. At surfactant
concentrations exceeding that point, the size of
vesicle increases steeply followed by an abrupt
drop when the lipid concentration is sufficiently

Ž y1 .high ordinarily above 7 mmol kg , whereas at a
Ž y1 .low concentration of lipids below 2.5 mmol kg

the size of vesicle decreases monotonously with
an increase in the surfactant concentration.

Some local anesthetics behave as a surfactant
because of the amphiphilic nature of anesthetic
molecules, especially, TC?HCl and DC?HCl have

y1 w xthe CMC of 128 and 79 mmol kg 36,37 . In
contrast, LC ?HCl and PC ?HCl do not have the
ability to form micelle by themselves. Present
results by DSC seem to reflect the difference in
hydrophobic nature of local anesthetics. There-
fore, phase behavior of DPPC bilayer membrane
in the presence of TC?HCl or DC?HCl includes
probably the vesicle]micelle transition. In order
to confirm the occurrence of the vesicle]micelle
transition, we measured the average size of vesi-
cles by means of the dynamic light scattering as a
function of TC?HCl concentration, which is sum-
marized in Table 1. The average size of multi-
lamellar vesicles remains fairly constant as a
function of concentration up to 70 mmol kgy1

TC?HCl. Above this concentration the size of
vesicles decreases monotonously with an increase
in TC?HCl concentration, resulting in the mixed
micelles above 120 mmol kgy1 TC?HCl. The
present results could be superimposed on the
drastic decrease in transition enthalpy at the TC?
HCl concentration exceeding 70 mmol kgy1 which
has been shown in Fig. 5. At the same time the
new transition 1 has been observed at the concen-
tration above 70 mmol kgy1 TC?HCl. Although
the new transition 1 concerns itself with the mixed

micelle, the change of phases for this transition is
not assigned yet. In order to detect the aggre-
gated species concerned with the mixed micelles,

Fig. 9. Electrical conductivity of DPPC vesicle suspensions as
a function of temperature at several TC?HCl concentrations:
Ž . y1 Ž . y1 Ž .a 60.0 mmol kg TC?HCl, b 70.0 mmol kg TC?HCl, c

y1 Ž . y180.0 mmol kg TC?HCl, d 90.0 mmol kg TC?HCl and
Ž . y1e 100.0 mmol kg TC?HCl.
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we measured the electrical conductivity of
DPPC]TC?HCl mixed solutions at the same
heating rate as the DSC scan. Fig. 9 shows the
conductivity of DPPC suspensions in the presence
of TC?HCl at several concentrations as a func-
tion of temperature. In the presence of TC?HCl
below 60 mmol kgy1, the conductivity of solutions
did not change around the main-transition tem-
perature. Contrarily the presence of TC?HCl
above 70 mmol kgy1 brought about an abrupt
increase in conductivity associated with the main
transition and simultaneously the turbid solution
became clear, and then the conductivity decrease
at the temperature of new transition 1. Through-
out the temperatures of between main transition
and new transition 1, the conductivity of solution
remains constant at the highest value. This rise in
conductivity may be attributable to the formation
of the DPPC]TC?HCl mixed micelles. Therefore,
in the range of TC?HCl concentrations of 70]120
mmol kgy1 the DPPC vesicle solubilized TC?HCl
coexists with the DPPC]TC?HCl mixed micelle,
and the vesiclermicelle composition is dependent
upon the concentration of TC?HCl. At the con-
centration of TC?HCl exceeding 120 mmol kgy1,
there exists the DPPC]TC?HCl mixed micelle.
The concentration ranges coexisting with vesicle
and mixed-micelle are shown in Figs. 4 and 5. The
new transition 2, which was observed at the TC?
HCl concentration above 120 mmol kgy1, may be
assigned as the phase transition of the DPPC]TC
?HCl mixed micelle including the trans]gauche
conformation change of lipid chains in the mixed
micelle.
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