ting transition are not sensitive to small
changes in 7. This insensitivity is ex-
pected. By the time enough water has
been added to the CH;OH-C¢H,, mixture
to induce the wetting transition at the air-
liquid interface, the T, of the two liquid
phases has been raised to about 75°C
(I1). Then small fluctuations in ambient
T will not significantly change the ‘‘dis-
tance’’ from the critical line.

We have observed several other tran-
sitions from complete to incomplete wet-
ting starting with CH;OH-C¢H,;, mix-
tures. As water is added, the CH;0H-
rich phase will cease to wet glass com-
pletely. Instead of raising 7. by adding
water, we have also raised it by adding
NaOH or Nal; as we expected, complete
wetting of the fluid-air interface by the

CH;OH-rich phase ceased. After the ad-.

dition of sufficient water to cause dewet-
ting at the vapor interface, the addition
of acetone, which is known to lower T,
(10), restores wetting. Wetting and de-
wetting of the glass walls of the cuvette
were also observed.

Our experiments leave open an impor-
tant issue. Two recent phenomenological
descriptions of the first-order phase tran-
sition from complete to partial wetting
have been given (3, 14). In one descrip-
tion (3), the transition we have observed
is merely the end point of a manifold of
interface phase transitions. If this de-
scription is correct, a study of, for ex-
ample, the interface between the vapor
and a CgH;,-rich liquid should reveal dis-
continuous transitions from low to high
adsorption of CH;0H accompanied by
discontinuities in the first derivatives of
the tension of this interface. These phe-
nomena are predicted to occur at saturat-
ed vapor pressure along a surface in the
space of three thermodynamic variables:
temperature and mole fractions of
water and CH,;OH. This surface is
anchored at the line of three-phase coex-
istence, which happens to pass through
the point: T = 22°C, Xy, = 0.020,
Xengon/X cgny, = 0.53. Experimental ob-
servations of the predicted manifold of
interface transitions in the absence of
three coexisting phases would be most
interesting.

M. R. MOLDOVER
Thermophysics Division,
National Bureau of Standards,
Washington, D.C. 20234
JoHN W. CAHN
Metal Science and Standards Division,
National Bureau of Standards
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How Electric Fields Modify Alkane Solubility in Lipid Bilayers

Abstract. The planar lipid bilayer membrane is assumed to be in osmotic equilibri-
um with the surrounding Plateau-Gibbs border (annulus) and entrapped microlenses.
An electric field applied across the membrane raises the chemical potential of the
alkane in the bilayer, causing it to shift from the bilayer to the annulus and micro-
lenses. This shift results in a decrease in thickness.

Accurate description of bulk solution
properties in molecular terms is a long-
standing problem of physical chemistry.
The problem is a difficult one because
little is known about the behavior of so-
lutions in volumes of molecular dimen-
sions. Much could be learned if a *‘slice”’
of a solution a few molecules thick could
be isolated and scrutinized. While this is
not possible in a literal sense, the black
lipid film formed in aqueous media (/) is
an excellent approximation to such a
slice in that it is two molecules thick and
may have dissolved in it alkane or re-
lated molecules. The black lipid film, or
planar lipid bilayer membrane, forms
spontaneously in the manner of soap
films when a solution (~ 1 percent) of
surface active lipid in an alkane solvent
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Fig. 1. Thickness of black lipid bilayer mem-
branes as a function of applied potential. The
bilayers were formed at 20°C from GMO and
n-decane (10 mg/ml) in 0.1M NaCl solutions.
Thickness (8g) is calculated from measure-
ments of specific geometric capacitance C,
(Table 1) as described in (19).
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is spread across an aperture.separating
two aqueous phases. The resulting film
consists of a lipid bilayer saturated with
alkane surrounded by a Plateau-Gibbs
border (annulus) of the bulk solution.
Bulk solution is also dispersed as micro-
scopic lenses within the bilayer. The op-
tical reflectance of the bilayer is very
small and hence the films are ‘‘black.”’

I report here a mechanism for the
modification of the solubility of alkanes
in the bilayer by applied electric fields.
The mechanism leads to a better under-
standing of the relation between the
gross behavior of a solution and the solu-
tion’s microscopic properties. Under-
standing the behavior of alkane-in-bi-
layer solutions is of particular impor-
tance in membrane biology, since
biomembranes are essentially ‘‘two-di-
mensional solutions’’ consisting of hy-
drophobic proteins dissolved in a bilayer
[reviewed in (2)].

Electric fields cause large decreases in
the thickness of black lipid bilayer mem-
branes (3-5). An example of this effect
for bilayers formed from glyceryl mono-
oleate (GMO) and n-decane is shown in
Fig. 1. The thickness change apparently
results from a shift of the alkane from the
bilayer into the annulus and microlenses
(). The shift is generally attributed (3-5)
to an electrostrictive pressure rise (Py,
dynes per square centimeter) in the bi-
layer given by

€o€B

2852

Py = ( V2) x 107 )

where ¢, = 8.85 X 10~ farads per cen-
timeter, e is the dielectric coefficient of

1075



Table 1. Estimates of the fraction f,, of acyl
chains extended into the midbilayer zone of
decane in GMO/n-decane bilayers.

% C*
(mV) (uFlem?) Jae
0 0.3815 = 0.0031 0.0042
50 0.3934 + 0.0018 0.0040
75 0.4071 = 0.0041 0.0039
100 0.4219 + 0.0019 0.0038
125 0.4335 + 0.0009 0.0038
150 0.4500 = 0.0010 0.0039

*Specific geometric capacitance of the bilayer mea-
sured as described in (/9). The standard errors of
measurements on three membranes are indicated.
The values of 8z and X ,* shown in Figs. 1 and 2 were
estimated from these values of Cy. tCalculated
as described in the text.

the bilayer, 8y is the thickness in cen-
timeters, V is the applied potential in
volts, and 107 is a conversion factor. This
electrostriction-induced thinning process
is analyzed in detail in this report.

Assume the lipid bilayer is in equilibri-
um with the surrounding annulus and en-
trapped microlenses and that an electri-
cal potential difference V is maintained
across the system. Because the lenses
and annulus are much thicker than the
bilayer, the pressure rise in these struc-
tures caused by V is negligible relative to
the rise in the bilayer. Therefore, the al-
kane molecules in the bilayer are sub-
jected to a pressure Py not experienced
by those in the annulus and microlenses
6-8). The chemical potential of the al-
kane in the bilayer (u,") must equal the
chemical potential in the annulus (u,?) at
equilibrium. Since (du/9P); =V (9), one
may write

PV
RTlny,P X, + J V dP = RTIny,2X,?
0
(@)

where R is the gas constant, 7'is absolute
temperature, v is the partial molar vol-
ume of the alkane in the bilayer, the y’s
are activity coefficients, and the X’s are
mole fractions. The alkane is assumed to
be uniformly distributed in both the bi-
layer phase and the annulus phase. How-
ever, as will be shown later, the alkane is
probably not uniformly distributed in the
bilayer. The contribution of the thick-
ness-dependent van der Waals forces to
P «, 10, 11) will be ignored. Equation 2

may be rewritten (assuming v = con-
stant) as
Py
by b — ., ay a _ Vv
YA Xa" = ya'Xa exp( RT) 3)

where y,°X,* must be constant regard-
less of what happens in the bilayer, since
the mass of the annulus and microlenses
is many orders of magnitude greater than
that of the bilayer. It is thus apparent
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from Eq. 2 or 3 that when P increases,
the mole fraction X,", and consequently
the bilayer thickness, must decrease
(12). The mole fraction of decane in
GMO/n-decane bilayers as a function of
applied potential is shown in Fig. 2.
From Fig. 2, X," decreases from
0.581 = 0.004 to 0.529 + 0.002 as V in-
creases from 0 to 100 mV, corresponding
to a pressure rise of approximately 5 x
10* dyne/cm? or 0.05 atm. Unfortunately,
Eq. 3 suggests that a pressure of this size
is too small to have such a large effect on
composition. Measurements on GMO/n-
decane dispersions (10 mg/ml) by vapor
pressure osmometry indicate that
va? = 1.0 and X, = 0.997 (13) and con-
sequently y,"” must equal 1.72 to satisfy
Eq. 3 for V = 0. If y,” remains constant
and v has its bulk value of 195 cm?, the
pressure required to change X," to its
100-mV value is calculated to be 1.1 X
107 dyne/cm? or 11 atm. There is thus a
discrepancy of three orders of magnitude
between the actual pressure and the
pressure required by Eq. 3.

Observation and theory can be recon-
ciled in three ways. First, vV may be much
larger than assumed. This is unlikely,
though, because a value on the order of
10* cm?® would be required. Second, y,°
may be strongly dependent on X,". The
data would fit y,” changed from 1.72 at
0mV to 1.88 at 100 mV. The third possi-
bility, which is partially related to the
second, is that the alkane is not uniform-
ly distributed across the bilayer but
tends to form a separate phase in the bi-
layer midplane. Several experiments are
consistent with this last idea. First, the
activity of alkane in the bilayer shows
very large positive deviations from ideal
behavior, consistent with a tendency to-
ward phase separation (/4). Second, the
enthalpy and entropy of solution of de-
cane in the bilayer are nearly zero (I3,
15). A phase separation of decane nor-
mal to the bilayer would explain this re-
sult. Third, Brooks et al. (I1) found that
calculations of van der Waals forces
across GMO/alkane bilayers agree best
with experiment if a separate alkane
phase in the bilayer midplane is as-
sumed. Thus, a phase separation seems
reasonable. How this hypothesis recon-
ciles observation and experiment is dem-
onstrated as follows.

Visualize a three-layer ‘‘bilayer’’ con-
sisting of GMO acyl chains/n-decane/
GMO acyl chains [see (/6), however].
Assume that, on the average, a fraction
fae Of the acyl chains are extended at any
instant into the decane layer to control
its chemical potential. Let X,” be the
mole fraction of decane in the layer, giv-
en by X,> = ny/(ny + fehtac), where ny

Ll
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Fig. 2. Apparent mole fraction of n-decane in
GMO/n-decane bilayers as a function of ap-
plied potential. Mole fraction (X,) is calcu-
lated from measurements of specific geomet-
ric capacitance C, (Table 1) as described in
19).

is the number of decane molecules per
square centimeter of bilayer and n,c is
the number of acyl chains. Assume for
simplicity that the decane behaves ideal-
ly in both the decane/acyl chain mixture
and the annulus so that y,> = y,3 = 1.
Equation 3 can then be written

Y b — s = X,2 (_ E)
na + faellac AT CXP RT
©))

At 20°C, nye = 5.28 x 10 cm~2 (I7).
From the data in Fig. 2, n, is calculated
to be 7.32x 10 cm™2. Assuming
X,b = X,2=0.997 for V=0, fi is
found to be 0.0042. That is, at any instant
only 0.4 percent of the acyl chains need
be extended into the decane phase. This
result conforms closely to the notion of
Andrews et al. ) that only a small frac-
tion of the acyl chains need be extended
at any instant to stabilize the bilayer
thickness. Now assume that a 100-mV
potential is applied and that f;, and X,?
remain constant. Using Eq. 4, n, is
found to decrease from 7.32 X 10 to
6.49 x 10" cm™2. This corresponds to an
apparent X," of 0.551 and a thickness of
about 46 A. The agreement with the data
of Figs. 1 and 2 is surprisingly good. In-
deed, it is good enough to assume that
the basic mechanism is correct. The re-
sults of calculations of the f,. at each po-
tential necessary to achieve exact agree-
ment are shown in Table 1; f,. is about
0.004 in all cases.

This picture of acyl chains extended
into the midbilayer decane phase to con-
trol decane activity may not be com-
pletely accurate. Any molecules dis-
solved in the central phase will affect
decane activity. For example, there may
well be a few GMO molecules dissolved
(polar group and all) in this region. In ad-
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dition, the midbilayer decane phase
probably does not behave ideally (7,"
# 1) as assumed in the analysis. In
such circumstances ¥,° must differ from
1.0 to maintain parity of the decane ac-
tivity in the bilayer and annulus as the
amount of decane mixing with the acyl
chains increases.

The dependence of bilayer thickness
on voltage decreases as the length of the
alkane used in the formation of the bi-
layer increases. Thus, for GMO/hexa-
decane membranes, the change in thick-
ness accompanying a 150-mV potential is
not detectable ). A simple explanation
of this effect is that the longer alkanes
mix more thoroughly with the acyl
chains than do the shorter ones. In such
cases, X,» would tend to become equal
to X," and, by virtue of Eq. 3, a signifi-
cantly larger potential would be required
to achieve a given fractional change in
XA". However, since X,? remains on the
order of 0.995 even for hexadecane,
more thorough mixing would demand
that ¥," be significantly greater than 1 to
keep the alkane activity in the bilayer
equal to that in the annulus. There is evi-
dence in support of this hypothesis. I
demonstrated earlier (/5) that the en-
thalpy of solution (AH) of n-hexadecane
in GMO/hexadecane bilayers is large and
positive (4 kcal/mole). Since, in general,
In y H/T (18). it follows that y,> > 1.

These results and conclusions indicate
the difficulties inherent in making as-
sumptions about the molecular meaning
of the activity coefficient. Often, for ex-
ample, RTIny is interpreted as due to dif-
ferences in solute-solute and solute-
solvent interaction energies. It is now
clear, however, that the interpretation of
v depends on knowledge of the structure
of the environment surrounding the sol-
ute. Thus, in this report, the gross activi-
ty coefficient (y,P) of the decane in the
bilayer is ~ 1.7, while if the assumption
of a microscopic phase separation is
made, y," =1 in the separate phase is
adequate to explain the results.

STEPHEN H. WHITE
Department of Physiology,
University of California, Irvine 92717
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Lipid Barrier to Water Exchange in Reptile Epidermis

Abstract. Extraction of lipids from the shed epidermis of the terrestrial snake
Elaphe obsoleta obsoleta increases cutaneous water loss in vitro as much as 15-fold.
Partial denaturation of epidermal keratin without lipid extraction increases cutane-
ous water loss only twofold. Histological observations and thin-layer and gas-liquid
chromatography of the lipid extracts indicate a complex mixture of polar and neutral
lipids predominantly in the mesos layer of the cornified epidermis. Comparative mea-
surements of cutaneous water loss in other species of snakes and a lizard show that
permeabilities differ naturally but are essentially identical after lipid extraction.
These findings establish the importance of lipids in the permeability barrier of reptil-
ian skin and suggest that keratin or scale morphology are of nominal importance in

limiting water exchange.

One of the important roles of the epi-
dermis is to limit the exchange of water
and electrolytes between the organism
and its environment. In this context, rep-
tiles have attracted interest because they
possess scales and may have very low
rates of cutaneous water loss (CWL) (/).
It had been assumed that reptilian CWL
is negligible (2), but recent research dem-
onstrated that there is considerable inter-
specific variability of CWL and that spe-
cies exposed to more desiccative condi-
tions have lower rates (/). The skin
properties underlying these differences
are not known; speculations frequently
concern quantitative aspects of keratini-
zation and the size and pattern of scales
(3). Although keratinized tissues were
shown to be water permeable (4), current
data do not elucidate the mechanisms de-
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termining skin permeability of reptiles.
We examined the functional role of epi-
dermal lipids and found that they are
critical to a water barrier function.
Squamate reptiles (lizards and snakes)
produce unusual stratified epidermal
generations periodically during a shed-
ding cycle (5). We investigated the prop-
erties of squamate epidermis by using in-
tact sheets of naturally shed skin (outer
epidermal generation). We determined
gravimetrically the rates of water move-
ment across small patches of skin shed
by snakes and a lizard. Skin specimens
were laid across a fine nylon net
stretched across the open top of a small
plastic vial containing a water-saturated
wick (6). Evaporative CWL rates were
determined by periodically weighing (to
the nearest 10 ug) the vials, which were
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