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The gel-to-liquid-crystalline phase transition temperature of a dipalmitoylphosphatidylcholine vesicle
membrane was measured in the presence of polyethylene glycol monoalkyl ethers (C.En) of various chain
lengths of hydrophobic (n) and hydrophilic (m) groups. All of the surfactants, except of Ci2E;, depressed the

transition temperature almost linearly with the concentration.

The depression of the phase-transition

temperature was analyzed by applying the van’t Hoff model for the freezing-point depression; also, the
partition coefficients of the surfactants between bulk water and the membrane phase were estimated.
Discussions were given concerning the dependence of the partition coefficients on the chain lengths of both

oxyethylene and alkyl groups.

The interaction of surfactants with a phospholipid
bilayer has been investigated in relation to the
solubilization!? or fusion?-% of biological mem-
branes and to the preparation of lipid vesicles by
detergent removal method.5-? Most of these studies
deal with the mixed micelles formed by the addition of
surfactants at a concentration higher than the critical
micelle concentration. Recently, Goiii et al.9 have
paid attention to the effect of surfactants on the
structure and properties of the lipid bilayer at rather
lower concentration range. Such studies may have a
significance different from the above-mentioned
practical interest. Surfactants are typical amphi-
philes, and the amphiphilicity can be readily con-
trolled by combining various types of head groups
and hydrocarbon tails. Hence, the surfactant-lipid
bilayer system may provide a useful model system for
us to understand the biologically significant interac-
tion between amphiphilic ligands and a biological
membrane.

Along the line of this interest, we have been
studying the interaction of surfactants with model
membranes in terms of their effect on the membrane
properties.®~1)  As an extension of this series of
studies, in the present work we investigated the effect
of polyethylene glycol monoalkyl ethers, nonionic
surfactants, on the gel-to-liquid-crystalline phase
transition of dipalmitoylphosphatidylcholine vesicle
membrane. Interest was focused on the dependence of
the effect on both the alkyl and oxyethylene chain
lengths.

Experimental

Synthetic dipalmitoylphosphatidylcholine (DPPC) was
obtained from Sigma. The following polyethylene glycol
monoalkyl ethers with homogeneous chain lengths were
used (abbreviated as C,En, where n and m represent the
catbon number of alkyl chain and the number of
oxyethylene unit, respectively): n=10, m=6, 8; n=12, m=1,
3,4,5, 6,7, 8 n=14, m=6, 8. All the surfactants were

obtained from Nikko Chemicals Co.

A stock suspension of DPPC vesicle in water was prepared
by sonication in the cup-horn of a Branson ‘Sonifier Model
185 at 45 °C for about 30 min. The sample suspension was
prepared by mixing the DPPC suspension and surfactant
solution to give the desired surfactant concentration, and by
sonicating again at 45 °C for about 5min. The sizes of
vesicles were estimated from quasielastic light-scattering
measurements to be about 160 nm in diameter; taking into
account the size and the phase-transition pattern,? these
vesicles may be regarded as being multilamellar. The DPPC
concentration was kept at about 5X10~4 M' throughout the
experiments.

The gel-to-liquid-crystalline phase transition of a DPPC
vesicle membrane was followed by the scattered-light
intensity from the vesicle suspension. Details concerning
the procedure have been described previously.® Typical
traces of the scattered-light intensity with temperature are
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Fig. 1. Typical traces of the change in scattered light
intensity at 400nm with the temperature rise
observed with DPPC-Ci2Es system. Heating rate is
0.5°Cmin~!. DPPC concentration is 5.2X10~4 M.
Ci2E5 concentrations (10-% M) are (a) 0, (b) 2.52, (c)
3.37, (d) 5.05, (e) 6.73, and (f) 8.42.

1 M=1 mol dm-3.
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shown in Fig. 1. A drastic change in the scattered-light
intensity was found corresponding to the phase transition.
The transition temperature, Tm, was taken as the tem-
perature at the half-height between two intersections of a
line drawn through the steep portion of the transition
region and the two lines drawn through the rather flat
portions above and below the transition. The measurements
were repeated at least three times for a given sample; a good
reproducibility (typically within 0.1 °C) was obtained
for the transition temperature.

Results and Discussion

Figure 1 illustrates the effect of added Ci2Es5 on the
phase transition of a DPPC vesicle membrane. It can
be seen that the transition temperature decreases with
increasing Ci2Es concentration. It was observed that
at a higher concentration of the surfactant, the change
in the scattered-light intensity at the transition region
became small accompanied with the deformation of
the transition curve; a further increase in the con-
centration led to an extremely low intensity of the
scattered-light, probably due to the formation of a
mixed micelle. This was also the case for other
surfactants. Thus, the concentration ranges of added
surfactants were limited to those where normal phase-
transition patterns were observed.

Some examples of the relation between the
transition temperature and the surfactant concen-
tration are shown in Figs. 2a—c. In these figures,
the depression of the transition temperature, —AT=
—(Twm—Tmo), is plotted against the surfactant concen-
tration, where Tn and Tmo are the transition tem-
peratures with and without the surfactants. As can
be seen in these figures, —AT increases linearly with
increasing added surfactant concentration.

The depression of the phase-transition temperature
of lipid bilayers induced by additives of the small
molecule has been successfully analyzed by applying
the van’t Hoff model for the freezing-point depres-
sion.13-1  This model describes the transition
temperature as being depressed as a result of the
lowering of the chemical potential of lipid molecule
in a liquid-crystalline phase due to the mixing with
the additive molecules. According to this interpreta-
tion, AT is proportional to the mole fraction of
additives in the lipid bilayer for the case of a
sufficiently low additive concentration, which in turn
allows an estimation of the partition coefficient of the
additives between bulk water and a lipid bilayer when
the additives are partitioned between these phases.
Based on this treatment, AT is related to the partition
coefficient, K, by the following equation:?

RT?%, K
AT="AH S5+ Gk v M
where AH is the enthalpy change associated with the
phase transition, R the gas constant, and C and C%
the total concentrations of lipid and additives in
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Fig. 2a. Plot of the depression of the phase transition
temperature, —AT, against the concentration of added
surfactants. Surfactants are C12E4 (A), Ci2E¢ (W), and

Ci2Es (V).
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Fig. 2b. Plotof —AT against the added concentration
of CioEs (O) and Ci4Es (A).
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Fig. 2c. Plot of —AT against the added concentra-
tion of CioEs (O) and Ci4Es (A).

molarity scale, respectively. K is defined as K=x4a"/xa,
where xa’ and xa are the mole fractions of the
additives in membrane and water phases, respectively.
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Equation 1 predicts a linear relationship between
—AT and C%, and allows an evaluation of the parti-
tion coefficient, K, from the slope. The partition
coefficients of C,E» were estimated from the slopes of
straight lines, as shown in Figs. 2a—c, using the
values of Tro=314 K and AH=36.4 k] mol-1.1® Below,
we examine the dependence of these K values on the
oxyethylene chain length and the alkyl chain length.

Dependence of K on the Oxyethylene Chain
Length. In Fig. 3, log K obtained with Ci2En is
plotted against the number of oxyethylene unit, m.
It can be seen that log K decreases almost linearly
with increasing m in the range from m=4 to 8. The
slope of this straight line provides 0.46RT as the
contribution of an oxyethylene unit to the standard
free energy change for the transfer of the surfactants
from bulk water to the lipid bilayer. The critical
micelle concentration (cmc)!? of Ci2Enx is also shown
in Fig. 3 for comparison. log cmc exhibits very weak
dependence on m. This means that the contribution
of oxyethylene unit to the standard free energy of
micelle formation is negligibly small. For DPPC-
surfactant systems previously studied,®!? there ob-
served a good correlation between K and cmc; log K vs.
log cmc plot gives straight lines with the slope of —1,
the intercept of which weakely depends on the type of
hydrophilic group. Comparing the present results for
Ci2E. with those for other surfactant systems, it is a
wonder why the effect of oxyethylene chain length
appears only in the partitioning into the lipid bilayer
but not in the micelle formation. It is reasonable to
consider that when surfactant molecules are incor-
porated in the lipid membrane, the hydrophilic head
group of the surfactant is anchored at the membrane
surface and the alkyl chain intercalates between the
acyl chains of the lipid. The difference in the
dependence on the oxyethylene chain length between
K and cmc may be ascribed to a difference in the
environment between the bilayer surface and the
micellar surface.
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Fig. 3. Plot of log K (0O, left scale) and log cmc (A,
right scale) against the number of oxyethylene unit,
m, for Ci2Epm.
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Considering the fact that the interior of lipid bilayer
consists of the hydrocarbon region, it is of interest to
compare the present partition data between water and
lipid bilayer with those between water and hydro-
carbon. Some partition data for nonionic surfactants
with an oxyethylene chain between water and the hy-
drocarbon media are available in the literature.18-20
From values of the partition coefficients, the free
energies of the transfer from water to isooctane!® and
from water to cyclohexane!?:20 per oxyethylene unit
are estimated to be 1.08RT and 0.96R T, respectively.
These are larger by a factor of about 2 than those of the
transfer from water to DPPC bilayer. This difference
may be attributed to the environmental difference
between the partitions into the bulk hydrocarbon
(water-hydrocarbon system) and into the water/hy-
drocarbon interface (water-bilayer systeml). The oxy-
ethylene chain of the surfactants incorporated in the
lipid bilayer locates at the bilayer surface and may be
exposed to interfacial water; hence, the free energy loss
may become less compared with the partition into the
bulk hydrocarbon.

Another remarkable feature in Fig. 3 is the
downward deviation of Ci2E3 from a straight line.
This may be interpreted as follows. Equation 1 is
based on the assumption that the amount of additives
partitioned into the gel state bilayer is much smaller
than those into the liquid-crystalline state, or even
though the additives are incorporated substantially in
gel phase, they are not randomly mixed but dispersed
as aggregates (phase separation). Itis likely that when
the hydrophilicity of additives is reduced, the affinity
to gel state bilayer becomes substantial, and the
partitioning and mixing in gel state membrane be-
comes appreciable. In this case, Eq. 1 gives an un-
derestimate of the partition coefficient. It may be
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Fig. 4. Phase transition curves obtained with
DPPC-Ci2E; system. DPPC concentration is 5.0X
10-¢ M. Ci2E; concentrations (104 M) are (a) 0, (b)
1.25, (c) 1.54, (d) 2.56, and (e) 3.42.
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regarded that the K value obtained with Ci2Es by
applying Eq. 1 is not correct, but underestimated.
When the oxyethylene chain length is further reduced,
the effect of an additive on the phase transition
becomes reversed; Ci2E; elevated the transition
temperature, as shown in Fig. 4. According to the
van’t Hoff model (described above) the elevation of the
transition temperature can be interpreted as being due
to the partitioning and mixing of the additives in the
gel state bilayer, exceeding that in the liquid-crys-
talline state. A similar behavior of the additives con-
cerning the phase-transition temperature of phos-
phatidylcholine vesicle membrane is well known for
1-alkanols; long-chain 1-alkanols with an alkyl chain
length exceeding about 10 carbon atoms elevate the
transition temperature, although shorter 1-alkanols
depress it.21-29 This suggests that the smaller hy-
drophilicity of 1l-alkanols with longer alkyl chains
favors their distribution in the gel state bilayer rather
than liquid-crystalline state. The present results
demonstrate that a similar reverse effect on the
transition temperature is also induced by decreasing
the hydrophilic oxyethylene chain length as the effect
observed for 1-alkanol by increasing the hydrophobic
chain length. Thus, the following general feature
may be drawn for long-chain amphiphilic additives;
reducing the hydrophilicity of the amphiphile below
a certain critical level, it tends to partition into the gel
state bilayer and mix with gel state lipids.
Dependence of K on the Alkyl Chain Length.

Figure 5 shows the relation between log K and the
carbon number of alkyl chain, N, obtained with C,Eg
and C,Es. The increments of log K with N. on going
from 10 to 12 are similar for C,E¢ and C,Es, which
provide about 1 RT for the transfer free energy from
the bulk water to the lipid bilayer per methylene unit.
This increment of log K per methylene unit in alkyl
chain is just the same as that obtained with other
nonionic long-chain amphiphiles,® and the contri-
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Fig. 5. Plot of log K against the carbon number in

alkyl chain, N., for C,E¢ (O) and C,Es ().
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bution of methylene unit to the transfer free energy is
comparable to the free energy per methylene unit for
the hydrophobic interaction.2 On the contrary, from
N:~=12 to 14, the increments of log K with N. fall down
for both C,E¢ and C,Es, the extent of which is larger
for C,E¢ than C,Es. This deviation of log K for N-=14
from the extraporated values from the lower N. may be
explained by the same way as the deviation of Cj2E3
from the linear relationship between log K and m in a
series of Ci2En (Fig. 3). The hydrophilicity of CisEs
and CisEs is weakened, relatively, due to their
increased alkyl chain length, hence the partitioning
and mixing in the gel state bilayer may occur
substantially, and the K values obtained with these
surfactants may be underestimated. @ The larger
deviation for Ci4E¢, whose hydrophilicity is less than
Ci4Es, is consistent with this interpretation; i.e., the
extent of underestimation of K is larger when the
relative hydrophilicity is lower. A similar deviation of
log K with increasing alkyl chain length was also
observed for alkyltrimethylammonium salts.?-10

Conclusion

In this study, the partition coefficients of CnEnm
between bulk water and a DPPC bilayer were esti-
mated from the depression of the phase transition
temperature of a DPPC vesicle membrane by applying
the van’t Hoff model. The conclusion derived by
examining the chain-length dependence of K is
summarized as follows: (i) For a series of Ci2En, log K
decreased linearly with increasing m in the range
between m=4 and 8. This suggests that the bilayer
surface provides an energetically unfavorable fields for
oxyethylene group compared with bulk water. (ii)
Ci2E3 deviates from the linear plot of log K vs. m.
C14E¢ and Ci4Es deviate from the linear plot of log K
vs. N¢ plot. These findings, along with the observa-
tion that CigE; elevated the transition temperature,
suggest that the decrease in the relative hydrophilicity
of long-chain amphiphilic additives leads to partition-
ing into a gel state bilayer and mixing with the gel
state lipids.

The authors wish to thank Mr. Akira Ogawa for his
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Institute of Fukuoka University.

References

1) D. Lichtenberg, R. J. Robson, and E. A. Dennis,
Biochim. Biophys. Acta, 137, 285 (1983).

2) A. Alonso, M-A. Urbaneja, F. M. Goni, F. G.
Carmona, F. G. Canovas, and J. C. Gémez-Fernandez,
Biochim. Biophys. Acta, 902, 237 (1987).

3) A. Alonso, R. Saez, A. Villena, and F. M. Goni, J.
Membr. Biol., 67, 55 (1982).

4) R. Saez, F. M. Goqii, and A. Alanso, FEBS Lett., 179,



May, 1988]

311 (1985).

5) M. Ueno, C. Tanford, and J. A. Reynolds, Biochem-
istry, 23, 3070 (1984).

6) P. Schurtenberger, N. Mazer, and W. Kinzig, J. Phys.
Chem., 89, 1042 (1985).

7) S. Almog, T. Kushnir, S. Nir, and D. Lichtenberg,
Biochemistry, 25, 2597 (1986).

8) F. M. Gofii, M-A. Urbaneja, J. L. R. Arrondo, A.
Alonso, A. A. Durrani, and D. Chapman, Eur. J. Biochem.,
160, 659 (1986).

9) T. Inoue, K. Miyakawa, and R. Shimozawa, Chem.
Phys. Lipids, 42, 261 (1986).

10) T. Inoue, T. Iwanaga, K. Fukushima, and R.
Shimozawa, Chem. Phys. Lipids, 46, 25 (1988).

11) T. Inoue, Y. Muraoka, K. Fukushima, and R.
Shimozawa, Chem. Phys. Lipids, 46, 107 (1988).

12) H. Takemoto, S. Inoue, T. Yasunaga, M. Sukigara,
and Y. Toyoshima, J. Phys. Chem., 85, 1032 (1981).

13) M. W. Hill, Biochim. Biophys. Acta, 356, 117 (1974).

14) H. Kamaya, S. Kaneshina, and 1. Ueda, Biochim.

Phase Transition of DPPC Vesicle Membrane

1569

Biophys. Acta, 646, 135 (1981).

15) S. Kaneshina, H. Kamaya, and 1. Ueda, J. Colloid
Interface Sci., 93, 215 (1983).

16) S. Mabrey and J. M. Sturtevant, Proc. Natl. Acad. Sct.
U.S. 4., 73, 3862 (1976).

17) Data sheet from Nikko Chemicals Co.

18) E. H. Crook, D. B. Fordyce, and G. F. Trebbi, J.
Colloid Sci., 20, 191 (1965).

19) F. Harusawa, T. Saito, H. Nakajima, and S.
Fukushima, J. Colloid Interface Sci., 14, 435 (1980).

20) F. Harusawa, H. Nakajima, and M. Tanaka, J. Soc.
Cosmet. Chem., 33, 115 (1982).

21) A. W. Elliasz, D. Chapman, and D. F. Ewing,
Biochim. Biophys. Acta, 448, 220 (1976).

22) A. G. Lee, Biochemustry, 15, 2448 (1976).

23) H. Kamaya, N. Matubayasi, and I. Ueda, J. Phys.
Chem., 88, 797 (1984).

24) C. Tanford, “The Hydrophobic Effect,” 2nd ed, John
Wiley & Sons, New York (1980), Chap. 7.






