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We measured the time-dependent surface pressure of a dioleoylphosphatidylcholine film at an air/water interface.
Our results indicate that: (i) the surface pressure of the thin film traces a closed hysteresis loop accompanied by repetitive
cycles of compression and expansion, and (ii) the area of the hysteresis loop markedly increases in the presence of sodium
ions. We propose a kinetic model for this phenomenon which includes cooperative aggregation/dissociation at the air/water
interface. The experimental findings have been successfully reproduced with the aid of a computer simulation based on

this theoretical model.

Although, in the past, there have been numerous stud-
ies on the dynamic surface pressure (sr)-surface area (A)
curve of lipid monolayers at an air/water interface,'™ the
viscoelastic properties with a periodic change in the surface
area have not yet been fully clarified. This may be due to a
difficulty in obtaining reproducible characteristics. The poor
reproducibility has been attributed to such factors as that
along with a periodic change in the surface area some lipid
molecules at the air/water interface leak to the subphase® and
stick to a blade and/or a trough,® and that the contact angle
against a Wilhelmy plate increases.” In fact, most previous
reports concerning the dynamic 7-A curves have shown a
time-dependent shrinkage of the 7—A curve. In other words,
a spiral loop has been observed.5®

Recently, we reported on steady closed 7-A curves with
compression and expansion in the presence of taste com-
pounds, such as nicotine (bitter), sodium chloride (salty),
sucrose (sweet), and citric acid (sour) under appropriate ex-
perimental conditions.>!® We found that the 77—A curve traces
a single closed hysteresis loop in the shape of a somewhat
distorted ellipsoid. The 7—A curve changes in a characteris-
tic manner depending on the taste category of the chemicals
added. The shape of a hysteresis loop is expected to re-
flect the viscoelastic properties of a lipid thin film.!" If the
lipid thin film is a linear viscoelastic-body, the dynamic 7-A
curve traces a genuine elliptical loop. However, most curves
are in the form of a distorted ellipsoid, due to the nonlin-
earity of a lipid thin film. This distortion, or nonlinearity,
has been ignored in previous studies on the dynamic 7-A
characteristics.

To evaluate this nonlinearity in a quantitative manner, we
adapted an analytical method to perform a Fourier trans-
formation on a time-dependent change in pressure. In this
method, the first-harmonic real and imaginary components

correspond to the linear (ideal) elasticity and viscosity of the
lipid thin film, respectively. The higher-harmonic compo-
nents reflect the nonlinearity of the viscoelasticity. To per-
form such an analysis, it is necessary to accurately control
the surface area. We have constructed a novel experimental
apparatus for this purpose.

In this paper we report on the dynamic surface behavior
of an unsaturated phospholipid thin film at the air/water in-
terface in the presence of metal cations with the help of our
new experimental apparatus. We have found that Na* has
a marked effect on the dynamic behavior of a phospholipid
thin film. We discuss our experimental findings in relation to
the cooperative aggregation and dissociation of phospholipid
aggregates at the air/water interface.

Experimental

Materials. A synthetic phospholipid, 1,2-dioleoyl-3-sn-phos-
phatidylcholine (DOPC), was obtained from Avanti Polar Lipid
Inc. All other reagents were analytical-grade chemicals, and were
used without further purification (Wako Pure Chemical Industries
Ltd.). Before each experiment, water was purified using a Milli-
pore-MilliQ Labo filtering system at a resistivity above 18 MQ cm,
and then distilled with an acid permanganate medium. Chloro-
form was purified by three consecutive distillations. DOPC (0.133
mM, 1 M=1 mol dm ) in chloroform was prepared as a spreading
solution.

Dynamic Pressure-Area Curves. The experimental apparatus
was designed by us and manufactured by Kyowa Interface Science
Co. Ltd.'? The surface area was changed repeatedly from 25 to 100
A? molecule™! in a sinusoidal cycle with a period of 60 s.'> The
obtained dynamic surface-pressure data were successively stored in
an NEC PC-9801 personal computer (NEC, Japan). We observed
the dynamic surface pressure after four cycles of compression and
expansion, as the 7—A curves began to trace a single-closed loop
within four cycles of compression and expansion. Thus, the surface
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pressure at the maximum surface area was taken as a reference, i.c.,
=0 at the maximum of A (see e.g. Figs. 2 and 4). The time-course
in the dynamic surface pressure was then Fourier-transformed to a
frequency domain.

Results and Discussion

Figure 1 shows the 7-A isotherm of DOPC monolay-
ers, which were slowly compressed at a constant speed with
0.3125 A2 molecule ™! min~!. In previous studies, the 7-A
isotherm of a lipid thin film at an air/water interface was
very often measured under quasi-static compression. In this
condition, the limiting area corresponds to the area of the
cross-section of a surfactant molecule, and the slope re-
flects the elastic property of the monolayer at the air/water
interface.”'® The observed limiting area increases in the
order control <KCl<MgCl, <NaCl, and the slope in the
vicinity of the limiting area becomes small in the presence of
NaCl. We observed the dynamic surface behavior in order
to elucidate the viscoelastic properties of a DOPC thin film
as the surface area was changed sinusoidally.

Figures 2A and 2B show the dynamic 7-A curve and
Fourier-transformed spectra of the dynamic surface pressure
for the time trace of the surface pressure (7z(f)). Generally,
periodic functions, no matter how complicated, can be rep-
resented as an expansion of sine and cosine terms, known as
a Fourier series,
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Fig. 1. Quasi-static 7—A isotherms of a DOPC monolayer at
an air/water interface. The arrows indicate the limiting area.
The subphase temperature was 13 °C. The surface pressure
at the starting point of the compression is 0 mNm™". (A) 1
M NaCl, (B) 1 M MgCl, (C) 1 M KCl, (D) distilled water.

Dynamic Viscoelastic Behavior on a DOPC Film

For a viscoelastic-body, it has been well established that the
cosine (real) and sine (imaginary) parts in the Fourier spectra
correspond to the energy accumulated and dissipated terms,
respectively.'” Therefore, it is clear that the real and imagi-
nary parts indicate the elastic and viscous components of the
DOPC thin film. Note that the presence of higher harmon-
ics in the frequency spectra implies that these viscoelastic
characteristics have non-negligible nonlinear components.
Figure 2C shows the inverted Fourier transformation of the
frequency spectra in Figure 2B. With this data-processing
method, the elastic and viscous terms can be evaluated sep-
arately.

We then examined the dynamic ;7—A curves by chang-
ing the metal cations. In this experiment, to clarify the ef-
fect of cations, we used only chloride salts, such as LiCl,
KCl, and NaCl. It is noted that the anions in the sub-
phase also contribute to the change in the area of the hys-
teresis loop.'® Figure 3A shows the changes in the rela-
tive intensity (R;/R{ and I,/I5) of the fundamental harmonic
components of the Fourier-transformed spectra. The ideal
(linear) elasticity increased in the order control <NH4Cl,
KCl<LiCl<NaCl<MgCl,, while the viscosity increased
in the order control <KCI<LiCl, NH4Cl«MgCl, <NaCl.
These results are roughly consistent with the previously es-
tablished view that divalent metal cations tend to stabilize the
lipid monolayer at the air/water interface rather than mono-
valent metal cations.!''” However, Na* ion enormously in-
creased the linear viscous property of the DOPC thin film. In
order to elucidate the effect on the higher harmonic compo-
nents in the Fourier spectra, the relative intensity ratios were
derived as follows:

R, =253 2
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where R° and I° are the intensities of the Fourier n™-harmonic
components, obtained in a control experiment (see Fig. 2B).
R, and I,, are the intensities of the components in the presence
of inorganic salts. Asshown in Fig. 3B—F, the intensity ratio
markedly decreased in the presence of NaCl. In particular,
R} became a negative value, while /5 and I3 showed little
change compared to R} and R’ with the addition of inorganic
salts.

Figure 4 shows the dynamic sz—-A curves and inverted
Fourier spectra. By adding NaCl to the aqueous subphase,
the limiting area was shifted to the right and the slope of the
surface pressure became small in the vicinity of the limiting
area. Such a trend is consistent with that of the experimental
results with a quasi-static 7—A isotherm, as exemplified in
Fig. 1. In contrast, in the control experiment and also with
KCl, the slope of the ;7—A curve was steep and the area of the
hysteresis loop was small. Itis therefore clear that Na* makes
the DOPC thin film more flexible than do other monovalent
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Fig. 2. Dynamic surface behavior of a DOPC thin film at an air/water interface, as the response to the sinusoidal change of A with a
period of 60 s. (A) Dynamic s7-A curve under steady state. (B) Fourier spectra. The real and imaginary parts indicate the functions
of cosine and sine terms, respectively. (C) Inverted Fourier spectra.
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Fig. 3. (A) Change in the intensity of Fourier fundamental harmonic components relative to those in the control experiment. Changes
in the relative intensity of higher-harmonic components: (B) 1 M LiCl, (C) 1 M NaCl, (D) 1 M KCl, (E) 1 MNH,CL, (F) 1 M
MgCl. Broken lines indicate the results of the control experiment.

cations.

Furthermore, the inverted Fourier real spectra for the con-
trol experiment traced a flat plateau from ca. 25 up to 40
A? molecule™!. On the other hand, for the same range of
surface area, the spectra traced a decreasing curve with com-
pression in the presence of inorganic salts. Generally, as

indicated in Fig. 1, the surface pressure does not decrease
with compression under quasi-equilibrium. Therefore, the
decrease in the surface pressure can be interpreted as a re-
laxation phenomenon related to the collapse of the DOPC
thin film at the air/water interface, judging from the collapse
point in Fig. 1. It is clear that the dynamic surface pressure
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Fig. 4.

Inverted Fourier spectra of the dynamic change in surface pressure. (A) Control, (B) 1 M NaCl, (C) 1 M KCl. Top; dynamic

7-A curves, Middle; inverted real Fourier spectra, Bottom; inverted imaginary Fourier spectra.

observed for the range between 25 and 40 A? molecule™' is
markedly decreased in the presence of Na*. These experi-
mental results suggest that the interaction between Na* and
phospholipid head groups should be unique compared to that
with other ions.

Loshchilova and Karvaly studied the influence of mono-
valent cations on phosphatidylcholine bilayers using laser
Raman spectroscopy.'® They found that Na* was the most
effective in changing the order parameters of the head groups.
Uedaira and Suzuki studied the ultrasonic velocity of aque-
ous solutions of alkali metal chlorides.'” They reported that
the maximum value of the ultrasonic velocity vs. tempera-
ture curve was shifted the most in the presence of Na*.

As for these significant effects of Na*, Desnoyer and
Jolicoeur proposed a possible explanation:*” these maxima
may appear because “the strength of ion—solvent interactions
decreases with increasing size of the ions, but the coordina-
tion number of the ion increases with increasing size.” On
the contrary, the coordination numbers of alkali metal ions
were formed to be 4 for Li*, Na*, and K* ions, according to
an X-ray analysis and a neutron-scattering experiment.?" In
order to obtain clear insight concerning the significant effect
of Na*, additional work is necessary, including a discussion
on the state of the water molecules, especially the water struc-
ture in the vicinity of the phosphatidylcholine head groups
under kinetically controlled conditions.?>?

Based on the above results, we tried to elucidate the ori-
gin of the hysteresis loop of the dynamic surface pressure
and the effects of monovalent cations, such as Na*, on a

DOPC thin film with the aid of a computer simulation. We
previously explained the dynamic surface behavior using the
following kinetic model, which includes the cooperative ag-
gregation of surfactant molecules onto the air/water interface
(Scheme 1):2

k1
S+S = D,

k_1

5}
S+D = D,

k_»

@

(i)

Scheme 1.

where S indicates the regular state,” D indicates the
domains of the DOPC aggregates, Dy, indicates the large
domains, such like oil-droplets, formed by collapse of the
DOPC monolayer at the air/water interface, and ky, k_1, ky,
and k_, are the kinetic coefficients of each process, respec-
tively. As expected, that the number of domains increase
through collisions between surfactant molecules at the sur-
face, process (i) is most simply approximated as a second-
order reaction. However, the growth rate of a large domain is
supposed to be expressed as a function of the surface pressure
in addition to the collision probability.?*

Based on this scheme, we use the following system of
equations:
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Fig. 5. Computer simulation based on the cooperative aggregation/dissociation model. (a) The feature of the discontinuous function,
). w<me; f()=0.0027+15, 7> 7; f(7)=7+50. (b) Computer simulation of the observed dynamic 7-A curves. Top; m=2.5,
Bottom; /.=5.5. Parameters; k;=17.5, k_1=1.0x107", k;=1.0x1072, k_,=1.0x107>. (c) Simulated relative Fourier peak

intensities which were calculated from (b) in Fig. 5.
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where k; is equal to k3A(7), Ng and Np are the number
of regular molecules and domains, and Ny is the number
of oil-droplets at the air/water interface. We assume that
the reversal kinetics in step (ii) can be represented as the
172 power of [Dp]. Because the rate of two-dimensional
aggregation/dissociation should be proportional to the length
of its surrounding, rather than the concentration, based on
the model that the growth of DOPC domains at the air/water
interface is considered as an edge-growth.” Here, it should
be pointed out that the viscoelastic properties in this work are
attributable to the kinetic process of growth and a dissociation
of the lipid domain rather than a process involving a change
in a homogeneous monolayer at an air/water interface.

flr) is a discontinuous function which includes a critical
value (/.). Such a discontinuous function is considered to
be a simple model for a first-order phase transition in a lipid
film;?6" the drastic change of the rate-coefficient (k) is at-
tributed to a cooperative factor for aggregation/dissociation
between the DOPC domains. To -simplify the numerical
analysis and also to reduce the number of “adjustable” pa-
rameters, we adapt the approximation so as to express the
discontinuity with a combination of two straight lines, as in
Fig. 5a. In addition, we assume that the surface pressure (77)

is given as the summation of two contributions due to S and
D.

To explain the above effects of Na*, it is necessary to as-
sume that the slope of f() is small at a low surface pressure,
and that the discontinuity in f{,r) and the critical surface pres-
sure (J.) are enhanced, considering the experimental results
that the limiting area was shifted and the dynamic surface
pressure decreased with compression in the range from 25 to
40 A? molecule ™.

Figure 5 shows the relation between f{) and 7, the sim-
ulated dynamic surface pressure, and the relative peak-in-
tensities obtained as the Fourier transformation on the time-
change of the simulated dynamic surface pressure. Itis clear
that the peak-intensities in the simulation correspond well
to the experimental trend given in Fig. 3. Here, the calcu-
lated surface pressure oscillates near to sz, since the damping
factor of the dynamic surface pressure was not included in
this study. By including the viscous factor, the surface pres-
sure should follow the dotted line, which corresponds to the
experimental trends.
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