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Abstract

Interfacial tension has been determined for phosphatidylcholine—stearic acid and phosphatidylcholine—stearylamine membranes.
Phosphatidylcholine, stearic acid and stearylamine were used in the experimental. The interfacial tension values of the pure components are
1.62x1073 N/m, — 1.54% 10" 2 N/m and 4.40 x 10~ N/m (hypothetical values), respectively. The 1:1 complexes were formed during formation of
phosphatidylcholine—stearic acid and phosphatidylcholine—stearylamine membranes. The following parameters describing the complexes were
determined: the surface concentrations of the lipid membranes formed from these complexes, 43 ', the interfacial tensions of such membranes, 73

and the stability constants of these complexes, K.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The physico—chemical studies of the phospholipids-fatty acid
mixture may have an additional significance other than the
interest in relation to the alteration of membrane function caused
by fatty acid. Phospholipids — the major building blocks of
most biomembranes have two fatty acids themselves, which are
esterified to glycerol. The interaction between different acyl
chains within a phospholipid molecule or among the different
phospholipids molecules in the bilayer should determine the
physical properties of biomembranes. The study of the phase
behaviour of the hydrated bilayer, composed of a phospholipid-
fatty acid mixture would be useful to understand the acyl—acyl
interactions playing such an important role in phospholipids
bilayers [1].
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The phase behaviour of the phospholipid-fatty acid mixtures
most extensively studied so far are concerned with the mixture
of diacylphosphatidylcholine and saturated fatty acids with
C14—Cg chain lengths, in which the phase diagrams over the
whole composition range have been reported for some mixture
systems [2—6]. All the phase diagrams have exhibited the
formation of a molecular compound (or phase compound) in the
gel phase with the stoichiometry of diacylphosphatidylcholine:
fatty acid=1:2, which means that a strong attractive interaction
acts between the two components in the gel phase bilayer.
Although an agreement is documented for complex formation,
there seems to be a discrepancy in a reported phase diagram for
the composition ranges of both low and high fatty acid
concentrations [2,3,5].

The mixture of phospholipid and fatty acid was examined as
well as three-dimensional (3D) system as monolayers. The
observed acid—base equilibria are very sensitive on the change
of many parameters such as: temperature, concentration, ionic
strength, electric field, molecular interaction and dynamics of
phases [7]. Torosian and Lemberger investigated mixed
monolayers of fatty acids with phosphatidylcholine at the air/
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water interface. They stated that both substances mix com-
pletely when subphase pH was in the range of 5.5-6.0. Then,
carboxylic acids were mainly protonated [8].

The mixtures of lecithins with acids of different chain length
(C12-C20) were examined by calorimetric method and X-ray
diffraction as three-dimensional system [9,10]. The existence of
1:2 complex (L:FA) was proved as a result of strong hydrogen
bonding between chains and polar group of lecithin [11]. There
is a minimum of Gibbs’s energy at such composition of
complex.

In this work, the interfacial tension of the phosphatidyl-
choline (PC, lecithin)—stearic acid (SA) and phosphatidyl-
choline—stearylamine (ST) membranes were determined within
all the composition range where the bilayer formation was
possible.

The aim of these investigations were to study the mixed
phosphatidylcholine—stearic acid and phosphatidylcholine—
stearylamine bilayer, characterize the molecular interaction
between phospholipids and fatty acids and between phospho-
lipids and amine plus a comparison of the properties of these
systems: stability constants of the formed complexes and
surface areas occupied by pure membrane components. We
would like to emphasize that the values of the stability constants
of lipid-fatty acid and lipid—amine complexes are reported for
the first time.

2. Theory
In the case where the membrane components form a 1:1

complex (compound 3), interaction in the membrane can be
described by the following system of equations [12—14]:

Yiardr + yra2d2 + y3a3d; =y

a
K=—"2

ay - ap

a +as
S e S
a) +ax + 2as
x| +x=1
where:
Ay, A, As [m?] — area occupied by compound 1, 2 and
complex 3, respectively;

ay, ay, a3 [mol m™?] — surface concentration of 1, 2 and
complex 3, respectively;
Y1, 72, 73 INm '] — interfacial tension of the membrane
built of component 1, 2 and complex 3, respectively;
7 [INm '] — measured interfacial tension of the membrane;
X1, X, — molar fraction of component 1 and 2 in the solution

forming membrane, respectively;
K — stability constant of compound 3.

Elimination of ay, a,, a; yields the basic equation:

[(y=y1)B2x1 + (y=v2)Bix2][(v3—1)Baxi
+(¥3=Y2)Bixa + (v1=v2) (x17x2)]
= KA3' BiBs[(y—y1) (x2—x1)
+(¥3=¥)Bix2] [(v—v2) (x17x2) + (¥37) Baxi]

(1)
where:
A
B =22,
Ay
A3
B, =—.
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Eq. (1) is the equation of second degree with respect to 7, to
the complex composition as well as with respect to the
constants: 1, V», 73, B1, B>. Opening of parentheses results in
a great complexity of the equation, and is troublesome when
directly applied to the determination of constants. The constants
mentioned above can be determined in individual cases using
simplified forms of this equation.

Eq. (1) may be simplified taking into account the high
stability constant of the complex. With this assumption, it
represents a straight line for small x, values (x,<x;):

X17X2

(yi—v) = —B1vy; + By (2)

while for the high x, (x,>x;) values it can represent another
straight line:

X27X1

(v2=v) = —Byy; + Byy (3)

X1

Eq. (1) can be simplified in some other way. In the case
where x;=x,, it assumes the form [13,14]:

SN2, N2, g1yl 2
K(All) (Azl) (A3l) (’Y"Y3)
= [y2d;" +vidy (A + A (A 4+ v145) (4)
v iy A+ A4+ 45y

The parameters describing the complex determined from
Egs. (1) and (4) could be applied to present the agreement of the
Eq. (4) with the experimental data using Eq. (5):

KAIIAEI (a1 +a2)(a3*a1)72 + [KAIIAEI (Via1—v3a3) (a1 + a2)
—KA' A3 (a1 —v3a2) (as—ar) + aady' (a3 + a2)]y
KA Ay a3ys (Y3a2 + v1a2)—KA Ay avyy (ary, + axys)
—as43" (Yoa3 +v1a2) = 0

(5)

where:

a; = A;l(xz—xl)
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a) = A;lxl
ay = A]_le
as = [A5" (y1=v,) (2=x1) + (Y =y3)x145 " + (Y—ys )04,

3. Materials and methods

The interfacial tension, y, of the lipid bilayer was determined
by measuring the curvature radius, R, of the convex surface
formed by applying a pressure difference, Ap, on its sides. The
method used was based on Young and Laplace’s equation [15].

2y = RAp.

The apparatus and the measurement method were described
in previous papers [12,14,16]. The lipid membranes were
formed by the Mueller—Rudin method [17]. The interfacial
tension was measured on a freshly created lipid bilayer mem-
brane for 12—15 times for each concentration. For each mem-
brane, about 10 instrument readings were made for each of the
lipid spherical cap diameters, formed by a pressure difference
applied on both sides. These measurements were made within
the whole range: from very low values of the lipid spherical cap
diameter to those almost equal to the Teflon element radius.
From all of instrument readings (100—150), the arithmetic mean
and standard deviation were enumerated. Measurements with
preparation of the electrolyte solution were made 2—3 times in
order to test the repeatability of these determinations.

The solution used to form the model membrane contained
20 mg/ml of choice substances (PC, stearic acid, stearylamine)
in solution (n-decane, chloroform).

3-sn-phosphatidylcholine (99%) from Fluka was used in the
experiment; it had been isolated from a hen egg yolk. Lecithin
was dissolved in chloroform and the solvent was evaporated in
an argon medium and the residue was dissolved in n-decane.

Stearic acid (97%) from Fluka and stearylamine (98%) made
by Sigma were used in the experiment and were dissolved in
chloroform.

0.1 mol dm™* potassium chloride solutions were used as an
electrolyte. The solutions were prepared using triply distilled
water and KCI produced by POCh (Poland). KCl was analytical
grade and was roasted prior to use at 600 °C for 2 h to remove
organic impurities.

4. Results and discussion

The effect of the presence of stearic acid or stearylamine on
interfacial tension of the membranes formed using phosphati-
dylcholine was studied. The resulting curves deviate from
linearity indicating that some bonds are formed in the
membrane. A 1:1 complex formation was assumed. The de-
pendence of interfacial tension of the lipid membrane as a
function of composition was studied at room temperature (293 +
2 K) in all the feasible concentration range. The interfacial
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Fig. 1. The interfacial tension y of the phosphatidylcholine—stearic acid (a) and
phosphatidylcholine—stearylamine (b) membranes as a molar fraction of stearic
acid or stearylamine x, (the experimental values are marked by points and the
theoretical ones by curves).

tension values reported in this paper refer to the two sides of the
bilayer membrane surface area unit.

The dependences of interfacial tension of the PC—SA and
PC—ST membranes are presented in Fig. 1 as a molar fraction of
stearic acid or stearylamine. The dependences of interfacial
tension of lipid membranes formed from the PC—SA and PC—
ST systems were evaluated as a function of the composition
with up to 70% and 60% content of stearic acid and steary-
lamine, respectively. Only in range of concentration, in fact, the
bilayer membrane formation was possible.

The interfacial tension value of pure lecithin membrane
(component 1), y; was measured directly and presented earlier
[12], which is equal to 1.62x 1072 N'-m™ . There is no accurate
literature data on interfacial tension values for the pure com-
ponent 2 (stearic acid or stearylamine), because these compo-
nents do not form the bilayer membrane. However in order to
characterize the course of the experimental curves, the y, value
for the pure components are necessary, which will be used in the
calculations. In this case, the interfacial tension hypothetical
values for membranes built from stearic acid and stearylamine
were determined adjusting the experimental curve with the
polynomial of the other mark extrapolating the x,=1 value,
which is presented in Fig. 2. The interfacial tension values
obtained in this way for pure stearylamine and stearic acid are
equalto4.40x10 *Nm 'and—1.54x10">Nm . A negative
value of interfacial tension for the membrane built from the pure
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Fig. 2. A plot illustrating a method for evaluating 7y, for phosphatidylcholine—
stearic acid (a) and phosphatidylcholine—stearylamine (b) systems.

stearic acid is pointing to the fact that it is not possible to create
the bilayer membrane from pure stearic acid. The thermody-
namic potential for this bilayer would have a negative value, i.e.
the bilayer is not forming.

The stearylamine membrane interfacial tension value is
positive. However, due to the fact that the forming solution with
more than 60% of stearylamine was granulated in the solution, it
is not possible to create a bilayer lipid membrane from the pure
component.

The other constants By, B, y3 were determined assuming
that the value of the stability constant of the PC—SA and PC—ST
complexes were sufficient to be simplified i.e. Egs. (1), (2) and
(3). Knowing the By, B, constants, which were determined from
Egs. (2) and (3) it was possible to calculate the interfacial
tension values of the PC—SA and PC—ST complexes, y;. The
mean values are equal to 7.16 x 10 > N'm ™' for PC—stearic acid
and 6.04x10 > N'm™ ' for PC—stearylamine.

The interfacial tension value determined as a function of the
composition, it made it possible to determine the surface con-
centrations of the membranes composed of pure components.
At least one of them is necessary for the determination of the
A5 " value. The surface area occupied by a lecithin molecule
equal to 85 A% was determined in the previous work [18]. The
surface area occupied by stearic acid and stearylamine is identi-
cal and equal to 19 A% [19]. As mentioned earlier, the fatty acid
forms a dimer [11,20,21]; therefore the surface area occupied by
stearic acid is equal to 38 A2

Knowing the A, " and 45" as well as B, and B, values, the
surface concentration of the membrane composed of the
lecithin—stearic acid and lecithin—stearylamine complexes
could be determined. The resulting surface concentration
value, 45" for the PC—SA and PC—ST complexes were equal
t0 8.88x 107" mol m  and 1.19x 10~ ® mol m ™2, respectively.
It made it possible to determine the area occupied by one
lecithin—stearic acid and lecithin—stearylamine complex, which
were valued to be 187 and 140 A, respectively. Values obtained
by us from the present work of the surface occupied by similar
complexes were 187 A? for the PC—stearic acid complex and
140 A? with the PC—stearylamine complex. These are much
bigger than the amount of the surface area occupied by each
component of the complexes. It is probably connected with the
arrangement of lecithin molecules in such complex and also
connected with the structural construction of such complexes.
In this paper [22] we suggested the arrangement of the lecithin
molecules in a bilayer membrane at pH>5. In these media, one
particle from the lecithin molecules in the bilayer (orientated in
this way), has two straightened chains; however, the next
molecule of lecithin has one straightened and another chain
fastened to the membrane surface. An association of ions occurs
in such conditions with OH ™ from the electrolyte solution. How
these ions were characterized was previously reported [22]:
these ions are strongly solvated and they produce a separation of
lecithin particles in the bilayer which is an influence upon the
increasing surface occupied by the single molecule of lecithin.

The only values to be determined were the stability constants
of the PC—fatty acid and PC—amine complexes. It could be
determined from Eq. (4) when x;=x,=0.5; these parameters
amount to 2.18x10° and 1.38x10” m? mol ', respectively.
During the course of our investigations, we assumed the
formation of PC—stearic acid and PC—stearylamine complexes.
These complexes arise by producing a connection between the
—N()(CH;), group from the molecule of lecithin and ~COO"”
groups from dimmer of stearic acid, in the case of the complex
PC—stearic acid, and between the —PO group from lecithin
and —N(*) H; group from stearylamine. The dissociation
constants of the —N*)(CH3), group from PC and —~COO"”
groups from the dimer of stearic acid are equal 10~ >7 [18] and
about 107> [23], respectively. It should be noted that the
dissociation constants of —PO group from PC and —N*) Hz
group from stearylamine are equal 10~ >° [18] and about 10~ '°
[23], respectively. Therefore the connection between PC and
stearic acid will be stronger and it is possible to expect that the
stability constant of the PC—stearic acid will be higher than the
stability constant of the PC—stearylamine complex.

These parameters describing these complexes determined
from Eqgs. (1) and (4) were in agreement with Eq. (1); i.e. data
(solid lines) with the experimental data (points) in Fig. 1 using
Eq. (5). As it is a square equation, this equation can yield two
solutions. The values yielding a better agreement of the experi-
mental points with equations describing complex formation be-
tween membrane lipid components were chosen.

The experimental values in Fig. 1 are marked by points, and
the theoretical ones obtained from Eq. (5) by lines. It can be
seen from this figure that there is a good agreement between
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experimental and theoretical points, which verifies the assump-
tion of formation of a 1:1 phosphatidylcholine—stearic acid and
phosphatidylcholine—stearylamine complex in the lipid mem-
brane. Good agreement of the experimental and theoretical
points verifies the assumption of the correct choice of the y,
values for components of the membrane.

5. Conclusion

The following conclusions can be drawn on the ground of the
parameters describing the complexes studied:

1. The stability constant of the PC—stearic acid complex is
2.18x10° m? mol ', whereas the stability constant of the
PC—stearylamine complex is equal 1.38x10” m? mol .
High values confirm the legitimacy of simplifying Eq. (1).
The values of the stability constants of the lipid-fatty acid and
lipid—stearylamine complexes are reported for the first time.
It can be observed that the stability constants of the fatty acid-
containing complex are higher. Thus, the PC—stearic acid
complex is more stable than the PC—stearylamine complex.

2. The experimental area occupied by one PC-—stearic acid
complex is 187 A%, whereas the area occupied by the PC—
stearylamine complex is equal to 140 A%,

3. Good agreement of the experimental and theoretical points
verifies the assumption of formation of a 1:1 complex in the
lipid membrane. A lack of variances between points indicates
that complexes at different stoichiometries or associates are
not possible in the PC—stearic acid or PC—stearylamine
membranes.
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