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Abstract The oscillating drop surfactometer (ODS)
measures surface tension (y) and energy dissipation
(damping constant b) of surfactant on a 1 pl sample. y is
obtained from the period of oscillation and b from its
free decay or from the phase shift slope in resonance.
After calibration with substances with different y, cor-
rections were made for capillary fixation and loss of
mass by evaporation. Surface active substances are de-
livered from liposomes in the interior (subphase) or in-
jected from outside, with microdrops (180 pl each) of
solution. As an application example, we have investi-
gated surfactant extract and pure phospholipid. In
minutes after formation of a drop containing a diluted
Survanta suspension, y decreases by 20 mN/m, while b
increases three-fold. This effect, assigned to spontaneous
adsorption from liposomes to the surface, is not seen
with pure dipalmitoylphosphatidylcholine (DPPC) un-
der our conditions. However, microdrop injection of
DPPC triggers a rapid decrease of y and a delayed strong
increase in b. The effect is modulated by DPPC in
the subphase and by cholesterol. Investigations with
L-a-lysophosphatidylcholine show the high sensitivity of
the ODS technique in the determination of the energy
dissipation at air-liquid boundary surfaces. Although the
ODS is limited to applications with y > 15 mN m™, it
offers the advantage to give, with small samples and with-
in seconds, a simultaneous readout of both surface tension
y and the parameter b, as a measure of surface viscosity.
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Introduction

We have developed a new apparatus, the oscillating drop
surfactometer (ODS), which uses a principle known
since more than a century (Rayleigh 1879), extending it
to the case of a pendant drop in resonance with an ex-
citer. Our approach is different from existing designs,
which use the shape of a pendant drop (Bashforth and
Adams 1883), thus allowing the determination of surface
tension with high accuracy (Arundel and Bagnall 1977;
Bagnall et al. 1978; Lin et al. 1996). By employing the
principles of dynamics, the ODS gains additional in-
formation on the dissipation of energy in the surface,
thus providing an approach to surface viscosity. Actu-
ally, viscosity rather than elasticity or surface tension
may be the most important determinant for air-water
and, specifically, for alveolar interfaces (Hall et al.
1993). In graphic terms, surface tension governs the
onset of the movement while the actual deformation will
also depend on viscosity. In the currently realized ver-
sion of the ODS, we form the drop on a small capillary
(see Fig. 1) and feed the surface active substance from
the subphase, i.e. the interior of the drop, or by injecting
microdrops from outside. The instrument needs a very
small amount of sample (1 pl) and measures surface
tension and frictional damping quasi-simultaneously.
After a first application of the ODS to plasmalogen-
containing phospholipid mixtures (Toelle et al. 1999),
we have now investigated in more detail the capacity of
the instrument, using pure phospholipid, and the com-
plex lipid/protein mixture Survanta from cattle lung.
Natural surfactant consists of 90% of lipids and 10% of
surfactant-associated proteins (SP-A, SP-B, and SP-C).
Phospholipids constitute 96% of the lipids, the major
part of which (40%) is dipalmitoylphosphatidylcholine
(DPPC). This component is primarily responsible for the
lower surface tension of the alveoli, as compared with
aqueous solutions (Yu and Possmayer 1996). Other
components such as cholesterol may act as fluidizers
(Fleming and Keough 1988), while the surfactant
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Fig. 1 Schematic diagram of the principal components of the
oscillating drop surfactometer (ODS): 4 power amplifier; C capillary;
CCD charge-coupled device camera; CPU central processing unit; DU
dosage unit; LD luminescence diode; MDD microdrop device; PA
piezoelectric actor; PC phase control; PD photodiode; SH shutter;
V'CO voltage controlled oscillator

proteins are thought to be involved in the regulation of
the transport of phospholipid to and from the air-water
interface (Keough 1992; Taneva and Keough 1994a).

A variety of measuring techniques have been devel-
oped which allow investigation of the surface tension of
fluids containing lipids or lipid/protein mixtures, in-
cluding the Langmuir-Wilhelmy balance (Clements
1957; Taneva and Keough 1994b) and the Du Noy-Ring
(Du Noy 1919). Recent techniques have employed drops
or bubbles formed from the liquids under investiga-
tion, as for example the pulsating bubble (Adams and
Enhorning 1966) or captive bubble (Putz et al. 1994;
Schurch et al. 1995; Herold 1997) surfactometers.

In order to avoid detachment of the hanging drop,
the application of the ODS is limited to ca. 15 mN/m at
the geometry used (Tate’s law). The advantage of the
system is a time-resolved measurement of both surface
tension and frictional damping, using only one micro-
liter of sample.

Materials and methods
Theory

In a force-free space, a fluid body tends to minimize its
surface and thus assumes a spherical shape. Any defor-
mation leads to a larger surface and retracting forces
which result, together with the inertia of the fluid, in an
oscillating system. The addition of a damping term
yields the well known equation for a harmonic oscil-
lator:

mxi+bxx+yxx=0

(1)

where m is the mass of the drop (kg), b the friction

constant (kg s™') and y a direction constant, i.e. the

surface tension (N m™'); x(¢) is a parameter that de-
scribes the time-dependent coordinate of deformation.

The harmonic oscillator approximation is valid for
sufficiently small amplitudes, i.e. as long as the retracting
force resulting from the surface curvature remains pro-
portional to the deformation, x. Lord Rayleigh investi-
gated the free falling liquid drop 120 years ago (Rayleigh
1879). Neglecting frictional effects, he found the fol-
lowing expression for the oscillation period, Ty:
TO:(37rm/n(n—l)(n+2)y)% n=2...n (2)
where 7 is the order of the mode of oscillation. For an
experimental verification, see Lenard (1887).

Real physical systems are damped by a number of
frictional influences which lead to a shift of the fre-
quency of oscillation, so that the eigenfrequency of the
system is no longer given by Eq. (2). Forced oscillations
of the pendant drop allow us to evaluate the case of
resonance, in which the frequency of the exciter w equals
the eigenfrequency of the damped system, and the dis-
sipated energy is provided with the optimal phase shift
of 90°. In this case, the overall damping of the drop can
be determined as follows:

1. From the free decay of the oscillation after shut-off of
the exciter. The maxima of the oscillation obey e/,
from which 6 and thus b = 2md can be obtained.
With this method, the analysis of very strong dam-
ping (> ca. 30 s7') is not possible. Figure 2B shows
the typical decay of the free damped oscillation
measured with the ODS (6 = 5.81 s7").

2. From the maximum of the resonance curve. It is lo-
cated at:

(3)

with the degree of damping & = 6/w,. In practice, this
method is not applicable in the case of strong dam-
ping, i.e. when ¥ > 0.04, because the resulting flat
resonance curves do not allow the determination of
the maximum with sufficient accuracy.

3. From the phase difference between exciter and oscil-
lator (Fig. 3A). It is given by:

w=w(l - 2192)%

@ = —arctan(29v/(1 — v*)) 4)
with v = w/w,. Thus:

dep/dv=209(1 + vz)/((l - 4 4192\)2) (5)
and in the resonance case (v = 1):

do/dv=1/9 (6)

and thus b = 2mOw,. The degree of damping ¥ de-
termines the slope of the phase shift curve at reso-
nance, so that detuning the exciter allows to
determine ¥ and thus b. This will be the method of
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Fig. 2A, B Period of oscillation and damping of a drop in the ODS.
A Period of oscillation T of a drop in resonance as a function of its
mass, for pure water. The solid line shows the least-squares fit
according to Eq. (7). B Typical decay of the free, damped oscillation
of a drop formed from saline buffer and covered with DPPC. To
account for the transition into the free oscillation, the record (40 kHz
sampling rate) shows data points starting from 0.2 s after the stop of
the exciter. Using an exponential fit, the damping coefficient is
calculated, in this example, as 6 = 5.81 !

choice for strongly damped systems, where the other
methods are no longer applicable.
Methods 1 and 3 were used in the experiments.

Experimental setup
Formation and control of the drop

The drop (see Fig. 1) is formed on a perpendicular glass
capillary (C) with an outer diameter of 239 pm (G 31,
MicroFil, World Precision Instruments, USA), in a
closed cuvette. A container on the bottom of the cuvette
contains a small amount of the fluid from which the
drop is formed, leading to a saturated vapour atmo-
sphere. The amount of fluid used to form the drop
(typically ca. 1 pl) is adjusted by a programmable dos-
age unit (DU) (Microlab 500, Hamilton, Bonaduz,
Switzerland); doses are applied in steps of 50 nl. The
capillary is set vibrating by a cylindrical, piezoelectrical
actor (PA) (HPSt 150/14-10/25, Piezomechanik, Dr.
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Fig. 3A, B Phase shift between exciter and drop oscillation. A
Original data of the phase shift ¢ between exciter and drop in the
proximity of the resonant frequency (v = 1) for two different degrees
of damping. In both cases the drop was formed from formamide with
different volume (mass). B Slope of the phase difference de/dv for
different degrees of damping ¥ in the proximity of the resonant
frequency (v = 1) according to Eq. (5)

Lutz Pickelmann, Miinchen, Germany), leading to axial
oscillation of the capillary and thus of the pendant drop.

The exciter frequency is generated by a voltage con-
trolled oscillator (VCO), in which the frequency deter-
mining DC voltage is programmable via the D/A exit of
the D/A-A/D module (AT-MIO-16E-10, National In-
struments, Austin, USA). The mechanical eigenfre-
quency of the actor (44 kHz) is far off the frequencies
used (40-100 Hz). The system allows correction of the
internal phase shifts in the exciter system.

The drop is observed and controlled by an imaging
system, with a large luminiscence diode providing a
bright background, and a CCD camera (C 2400-75 ICH,
Hamamatsu Photonics, Japan). Images are evaluated
using the system Argus 20 (Hamamatsu Photonics, Ja-
pan) and a data processing unit (with Frame-Grabber
Screen-machine, 640 x 512 pixels, Fast Electronics,
Miinchen, Germany). From the contour of the drop,
obtained by the video-image processing system, the
volume and mass of the drops are calculated, using
known algorithms. The accuracy is within +0.5% for
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volume and area, calibrated with a spherical standard
object.

To measure the oscillation of the drop, the light
emitting area of an IR luminescence diode (LD) is
projected with a lens onto the lower part of the drop.
The shadow of the drop partially covers a square PIN
photodiode (PD). Oscillation of the drop leads to light
modulation, which is measured the PD. A quasi-sinu-
soidal voltage signal is obtained, which is fed into an A/
D converter and evaluated in the CPU.

Adjusting the resonance case

The resonance case (v =1, ¢ = 90°) is adjusted by reg-
ulating the phase difference between exciter and oscil-
lator. Both signals are sampled with 40 kHz over a time
interval from 0.1 s, so that in the relevant frequency
range (40-80 Hz) more than 1000 sampling points are
available with an amplitude resolution of 12 bit.

The software for adjusting the phase difference was
developed on the basis of LabWindows CVI (National
Instruments, USA). Each adjustment takes one second;
during this time, the phase difference (difference between
zero passages of both signals) is compared with the
nominal value (90°), and a proportional voltage is gen-
erated which is fed into the VCO. The algorithm is
adaptive such that any measurement of the damping
constant optimizes the approach procedure due to the
estimation of the slope of ®@ (v) at v = 1. Typically, the
nominal value is reached after four measuring cycles (for
an initial deviation @ < 30°). All relevant parameters,
as for example the exciter amplitude, can be adjusted
during the experiment.

Microdrop injection

To cover the surface of the oscillating drop with lipid, a
piezomechanical microdrop device (MDD in Fig. 1;
Microdrop, Norderstedt, Germany) is employed. The
microdrops (MDs) serve in our experiments as the car-
rier of the surface active substances. To calculate the
actual transported quantity of lipids, one has to know
the concentration of the solution and the volume of the
MD after formation at the mouth of the MDD. Dif-
ferent influences are expected to affect the actual amount
of substance that reaches the oscillating drop surface.
On the one hand, the high vapour pressure at the surface
of the MD, caused by the small radius of curvature [see
Eq. (10) below], leads to an evaporation of solvent
during the flight time of the MD to the oscillating drop.
On the other hand, a flying MD moves in the vapour
hose of the ahead-flying MD, so that the effect is re-
duced. Because the small mass and the high evaporation
rate of the MDs makes a determination by weighing of
the “true” size of the MDs impossible, three indepen-
dent measuring procedures were applied, namely:

1. Electronic pictures from MDs were grabbed under
stroboscopic lighting with 500-fold enlargement and
measured by image processing with the Scion Image
Software for Windows 95 (Scion, Frederick, Md.
USA). The scale was calibrated using an etalon by
Carl Zeiss, Germany. The emitted MDs have a di-
ameter in the case of water of 70.2 + 0.8 um (n = 14)
and 69.7 = 1.4 um (n = 14) in the case of a chloro-
form/methanol solution (2:1), and thus a calculated
volume of 181 pl and 178 pl, respectively.

2. The enlargement of the volume of the oscillating drop
after injection of 1000 MDs was calculated from its
contour, as described above. The volume of one
single MD was determined as 180.38 pl £ 10.17 pl
(n = 10) for water.

3. Any change in the mass of the oscillating drop leads
in accordance with Eq. (7) (below) to a change of the
oscillation duration 7. A series of 100 MDs were
injected into a drop, oscillating in resonance, and the
drift of the oscillation period determined. From this
procedure the volume for one MD was determined as
182.74 + 3.17 pl (n = 45) for water.

In principle, the free oscillations of an MD could also be
used to calculate its mass. However, the relatively large
amplitude of these oscillations leads to non-linearities
and an increase of the oscillation period (Trinh and
Wang 1982; Wang et al. 1996; Tian et al. 1997), so that
this procedure for the determination of mass of the MD
could not be used. On the other hand, the procedures 1-
3 above yield sufficient and consistent information. For
practical reasons the optical measurement (1) was rou-
tinely applied. Since the size of the microdrops depends
on surface tension and viscosity, it must be controlled
separately in each experiment.

Because the surface active substances are solved in
an easily vaporizing solvent (e.g. DPPC in chloroform/
methanol), the concentration of the solved material
may also change by evaporation of the solvent at the
top of the MDD. Therefore, some microdrops were
routinely fired onto a shutter (SH) before starting
the experiment, so that the subsequent drops have the
concentration of the stock solution. MDs can be ap-
plied as single shots or in rapid succession (maximally
2000 MDs per second).

Preparations and materials
Fluids

Pure water was purchased as double-processed tissue
culture water from Sigma, and isotonic NaCl solution
from Fresenius (Bad Homburg, Germany). Formamide,
ethylene glycol, and nitromethane were purchased from
Fluka (Deisenhofen, Germany) and used without fur-
ther purification. Values for the physical properties were
obtained from Lide (1998). Surface tension was addi-



tionally controlled using Axisymmetric Drop Shape
Analysis (ADSA) (Chen et al. 1998a).
All experiments were performed at 20 £ 1 °C.

Liposome preparation

All lipids purchased from Sigma were used without
further purification; the purity of DPPC, lyso-PC, and
cholesterol was 99%. Phospholipid mixtures in
methanol:chloroform  (1:2), consisting of dipal-
mitoylphosphatidylcholine/cholesterol (9:1 and 1:1)
were dried under vacuum using a Speed Vac system
(Eppendorf, Engelsdorf, Germany). Lipid films were
hydrated at 50 °C in a Tris buffer (5 mM Tris, pH 7.4,
containing 100 mM NaCl and 50 pM EGTA), adjusted
to a phospholipid concentration of 10 mg/ml and vig-
orously shaken.

Survanta, a phospholipid fraction from cattle lung
was purchased from Abbott (Wiesbaden, Germany) and
diluted in Tris buffer.

Multilamellar liposomes were obtained by 10 re-
peated freeze-thaw cycles. Subsequent extrusion through
a polycarbonate membrane of 200 nm or 50 nm pore
size, using a Liposo-Fast extrusion set (Avestin, Ottawa,
Canada) yielded unilamellar liposomes (MacDonald
et al. 1991).

The PC content of lipid samples was analyzed using
the Stewart assay (Stewart 1980).

Drop size, oscillation amplitude, and lipid injection

The optimal drop size is a compromise: on the one hand,
very small drops evaporate rapidly (note that convex
surfaces are not in equilibrium with their atmosphere);
on the other hand, the surface properties we are inter-
ested in dominate the smaller the drop. Except for cal-
ibration, the volume of the drops was chosen to be 1-
1.05 pl, and thus the surface ca. 4.8 mm> The glass
capillaries had an external diameter of 239 pm.

To meet the conditions of Eq. (1) and to keep the
overall dissipation of energy low within the drop and on
its surface, the oscillation amplitude should be kept as
small as possible. Thus nonlinear effects are avoided, as
they occur with large amplitudes [>15% of the drop
diameter (Wang et al. 1996)]. In the routinely employed
mode of operation, the amplitude of oscillation at the
lower drop edge was generally smaller than 2% of the
drop radius.

From the lipid solutions applied, one obtains a vol-
umetric value for the number of lipid molecules per
microdrop and thus a measure of surface density of lipid
on the oscillating drop (usually given as area per mole-
cule, e.g. for experiments with a Langmuir trough). We
have found, however, that the physical effect of these
molecules on a moving surface is changed, compared to
static conditions. We therefore give “apparent dynamic”
values of surface density (see Results).
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Experimental tests
Correction for capillary fixation and loss of mass

The oscillation of a hanging drop is disturbed by the
fixation of part of the surface, the reduced oscillating
surface, and by the oscillation of the centre of mass,
compared with the freely falling drop. Experiments with
various liquids have shown that a pendant drop with
mass m oscillates at resonance with a period

T = Kn* (7)

where z # 0.5 [compare Rayleigh’s case, Eq. (2)]. Fig-
ure 2A shows as an example the dependence of the pe-
riod of oscillation 7 on the mass of the drop, formed
from pure water. The data points are fitted using Eq. (7).
K can be interpreted as the period of oscillation of a
drop of mass 1 mg.

Introducing the term k = 3n/n(n — 1)(n + 2) in
Rayleigh’s solution [Eq. (2)], the constant K can be
written as

€ 1/

in which k is a constant and y is surface tension. Under
the conditions of our measurements, the fundamental
mode of oscillation (n = 2) is used. Assuming that k£ and
z are independent of y (Bisch et al. 1982), and for
otherwise constant parameters (for example, the same
diameter of the capillary), y can be calculated for any
other fluid, when m and T are known at the time ¢:

N f—

(1) = (Tio/T(0) ) om0 (8)

This expression includes the case that the mass varies
slowly (as compared to 7') during the time of the
measurement. In a set of experiments using drops of
1 mg water, we obtained for Ty,0 = 12.89 £+ 0.12 ms,
z=0.66 = 0.02 (n = 15).

The surface tension as function of the oscillation
duration, calculated by means of Eq. (8), is shown in
Fig. 4A (dotted line). We went on to check the prereq-
uisite for the validity of Eq. (8), namely, whether the
constants k and z are independent of surface tension.
For a selection of Newtonian liquids with well-known
surface tension (formamide, ethylene glycol, and ni-
tromethane), the period of oscillation was generally
smaller than predicted from Eq. (8) (Fig. 4A). Using the
same mathematical model, we can well fit these values
with the function y = 12001.5/7%%*?. In the examined
range of surface tension, a linear correlation exists be-
tween the experimentally found values and those which
were calculated by means of Eq. (8) (see Fig. 4B). This
leads to Eq. (9):

N =

3(1) = 1.161 (THZO /T(t)) Trom(t) — 11.970 9)

Using Eq. (9), it can be shown that the relative error in
the determination of the mass of the drop, Am/m, is the
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Fig. 4A, B Calibration of surface tension, based on the experimen-
tally determined period of oscillation, for drops with mass 1 mg,
formed from different substances. A Period of oscillation 7, with
different fluids, and non-linear least-squares fit (solid line; power
function 12001.5/T7*%*). The broken line shows the calculated surface
tension y for water, using the function 3210.61/7'°'> [Eq. (8)].
B Functional relationship between y, (from calibration in Fig. 4A)
and y [Eq. (8)]. In the experimentally examined range, y, and y are
proportional to each other with good approximation (coefficient of
regression R = 0.99992), justifying a linear correction factor [see
Eq. (9)]. For better visibility, the fit function (broken line) is vertically
shifted (by —1 mN/m)

same as that of surface tension (Ay/y). In practice, this
will result in a relative error of +1%. On the other hand,
errors in the determination of the oscillation time 7'
(<0.1%) have less influence on the resulting value of 7.

Correction for loss of mass

Although the drop is formed in a closed cuvette, it is not
in equilibrium with its own atmosphere. Owing to its
curved surface, there is a vapour pressure difference
given by:

Ap = 2pVy/RTr (10)

where V' is the molar volume, y the surface tension, and r
the radius of the drop. This leads to a slow evaporation
of the drop.

Under the conditions of the experiments, the oscil-
lating drop loses mass and surface area by evaporation
(Fig. 5A). During the 40 min of the experiment the loss
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Fig. 5A, B Effect of evaporation. A Loss of mass (filled squares) and
surface (circles) of a small drop of water by evaporation in a highly
saturated vapour atmosphere, as a function of time. B Time course of
surface tension [Eq. (9); line a] and time course corrected for the loss
of mass (line b). The triangles show the corrected time course of the
damping constant b (frequency range in this experiment 68.46—
94.99 Hz)

of mass, taken from the linear least-squares fit to the
data (broken line), was 19.83 x 10~ mg/s and the ac-
companying decrease in surface 63.82 x 107> mm?/s.
This phenomenon requires us to correct, in each exper-
iment, the mass of the drop according to Egs. (8) and
(9). Figure 5B shows the apparent increase of y with
time, for a drop formed from pure water. With the mass
correction according to Eq. (9), y remains, as expected,
fairly constant (note the expanded scale), in this example
74.21 £ 0.41 mN/m (mean of 2095 data points in
Fig. 5B). With the corrected mass, the same constancy is
seen for the damping constant b (filled triangles); in this
special case, b =3.04 + 0.12x 10™°kg/s (37 data
points).

Surface and bulk viscosity

Any change in the shape of a drop can only occur by
liquid motion. This leads to energy dissipation by in-



ternal friction. On the other hand, this deformation is
possible only by an enlargement of the surface.

While with a sphere the deformation of the surface is
exclusively effected by dilatation or compression (i.e. by a
change of volume), with the oscillating drop an additional
shear deformation must necessarily occur. Both generate
a dilatational and shear flow, which is restricted by sur-
face dilatational viscosity and surface shear viscosity
(Chen et al. 1998b). In principle, we cannot differentiate
between components of overall dissipation, such as bulk
and surface viscosities, or even air friction. However, if
small drops are employed, properties of the surface
dominate because of the favorable surface/volume ratio.

For the experimental determination of the damping
factor b [Eq. (1)], two different methods were used. At
sufficiently small » (9< ca. 40 s™', mass = 1 mg) the
decay curve of the oscillation was recorded (see Fig. 2B)
and 0 determined using a non-linear fitting procedure for
the amplitudes. If the loss of energy is too large, suffi-
cient data are no longer available for the analysis and
another method was used. In these cases the phase angle
relative to the case of resonance is evaluated, which
occurs by any detuning of the oscillator. The degree of
damping O was then calculated according to Eq. (6).

d¢/dv has a relative maximum in the resonance case
(v =1) (Fig. 3B). If Av is small enough, one can deter-
mine this maximum with sufficient accuracy. In our ex-
periments, Av was selected in such a way that a phase
shift of A¢ < 10° occurred. In a real experiment, this
corresponds, with a relative frequency shift Av = 0.006
and at a resonance frequency of 52.79 Hz (damping
constant b =75.6 x 107® kg/s, degree of damping
¥ = 0.026), to a phase shift of A¢p = 5.2°.

There are also specific reasons to assign the measured
damping to the surface rather than the bulk. For ex-
ample, it is known that DPPC in organic solution, in-
jected from outside, does not significantly redistribute
into the bulk, so that its effect on surface damping
dominates. More importantly, liposomes suspended in
the bulk do not measurably change the damping con-
stant, as compared to pure saline. As will be shown
below, a pronounced frictional damping develops only
in the course of lipid transport to the surface. Since the
surface properties may depend on the deformation rate,
the frequency range used is indicated in the figures.

From a number of independent determinations, one
obtains for pure water b = (2.906 + 0.077) x 107 kg/s
(n = 69), and for 5 mM Tris buffer, a significantly higher
value, namely b = (3.189 + 0.060) x 107° kg/s (n = 73)
(P < 0.001).

Results
Survanta liposomes

Survanta is a complex mixture of phospholipids, fatty
acids, and hydrophobic surfactant proteins, obtained
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from bovine lung. Its main constituents are DPPC
(approx. 48%), phosphatidylcholine (approx. 16%),
phosphatidylglycerol (approx. 4%), and other lipids,
and low amounts of hydrophobic surfactant proteins
(SP-B and SP-C). In contrast to pure DPPC (see below),
Survanta liposomes adsorb spontaneously to the freshly
formed surface of the pendant drop. This is obvious
from the time-dependent decrease in surface tension and
increase in damping, which both start immediately after
forming the drop. Figure 6 shows this for two concen-
trations.

The adsorption of Survanta to the surface proceeds
with a rate that depends on the concentration (dominant
rates 1.4 and 1.9 x 107> s7! at 1000- or 500-fold dilution,
respectively). In both cases, liposome adsorption drives
surface tension to approx. 40 mN/m. This is accompa-
nied by an almost threefold rise of the damping con-
stant, with a characteristic delay to surface tension.
Although a mechanism for this behaviour can not be
envisaged, it seems to be clear that surface damping and
tension depend on different molecular determinants.

DPPC injection induces the uptake of subphase
liposomes into the surface

Surface tension decreases when DPPC in organic solu-
tion is injected into the oscillating drop. Fifteen micro-
drops, transporting approx. 20 x 10'" molecules and
leading to a mean area per molecule of about
220 x 1072° m?, lower the surface tension of a drop
formed from Tris buffer to approximately 55 mN/m.
The original protocol of this experiment is shown in
Fig. 7A. As expected for the limited amount of injected

90
80
70

| 60

surface tension y [mN/m]

50

T T T T T T -40
0 200 400 600 800 1000 1200 1400

time [s]

Fig. 6 Effect of Survanta on surface tension and damping of the ODS
oscillating drop. The drop is formed at ¢ = 0 from a suspension of
liposomes (200 nm diameter) in 5 mM Tris buffer; spontaneous
adsorption to the surface leads to a temporal change of surface
tension 7y (solid lines I and II, PC 19.5 pg/ml and 39.0 pg/ml,
respectively) and damping constant b (filled and open triangles)
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Fig. 7A, B Effect of DPPC on surface tension and damping of the
ODS oscillating drop. A The drop is formed at ¢ = 0 from Tris/NaCl
solution (see Materials and methods). Microdrop injection of DPPC
solution leads to changes of surface tension y (solid line) and damping
constant b (triangles, frequency range 80.75-69.91 Hz, original data).
Numbers at the steps indicate the total number of injected drops (in
parentheses) and the mean area per molecule (107" mm?) reached
after each injection (one microdrop contains 1.4 x 10'' molecules; see
Materials and methods). B Surface tension and damping in the
presence (open circles) and absence (filled circles) of DPPC liposomes
in the interior of the oscillating drop. Plot of surface tension y (circles)
and damping constant b (triangles, frequency range 79.72-66.99 Hz)
as a function of the mean surface area occupied per molecule injected.
Numbers in parentheses indicate the total number of injected
microdrops, containing 1.09 x 10'" molecules each. Each data point
and standard deviation is from three independent measurements

molecules, the surface tension assumes a constant value
after each injection. The increase in energy dissipation is
dramatic, as seen from the rise of the damping constant
by a factor of 30, compared to the freshly formed drop.

When the DPPC lipid was present in the subphase in
form of liposomes (of approx. 50 nm diameter), no
significant change in surface tension or damping was
observed for 10 min, for dispersions of different con-
centration and salt composition (data not shown). To
find out whether small amounts of DPPC in the surface
would act as adsorption nuclei, thus inducing adsorp-
tion, we injected microdrops of DPPC with liposomes
simultaneously present in the subphase. As is shown in

apparent mean area / molecule [10'20 mz]

Fig. 8A, B Effect of DPPC and cholesterol on surface tension and
damping of the ODS oscillating drop (original data). A The drop is
formed at =0 from a suspension of DPPC/cholesterol (9:1)
liposomes (50 nm diameter) in Tris/NaCl solution. Microdrop
injection of DPPC solution leads to changes of surface tension 7
(solid line) and damping constant b (triangles, frequency range 80.58—
52.93 Hz, original data). Numbers at the steps indicate the total
number of injected drops (in parentheses) and the mean area per
molecule (1072° mm?) reached after each injection (1.4 x 10" mole-
cules per microdrop; see Materials and methods). B Surface tension
and damping of a drop formed from DPPC/cholesterol suspension (9:
1, open symbols; 1:1, filled symbols). Plot of surface tension y (circles)
and damping constant b (triangles, frequency range 80.00-46.86 Hz)
as a function of the mean surface area occupied per molecule
(107° mm?) injected. The numbers in the parentheses represent the
number of injected drops containing 1.4 x 10'' molecules (see
Materials and methods). Each data point and standard deviation is
from three independent measurements

Fig. 7B, only half of the number of microdrops is nec-
essary to suppress surface tension to the same value and
to enhance surface damping to the same degree as
above, indicating that lipid from the subphase indeed
contributes to surface activity. No effect is seen when
pure solvent is injected (data not shown).

The effect of cholesterol

When liposomes with 10% cholesterol are used, micro-
drop injection of pure DPPC induces liposome uptake as
above (Fig. 8A). However, the damping constant is much



smaller for a given value of surface tension (Fig. 8B), al-
though the overall decrease of surface tension is similar
(Fig. 7B). When the fraction of cholesterol in the lipo-
somes is further enhanced, the surface damping of the
lipid film is further reduced, and reaches with 7 x 107° kg/
s, only twice the magnitude as without any lipid.

For a sufficiently high amount of injected DPPC,
surface tension continues to decrease after the initial step
following each injection, with a concomitant rise of
damping. This behaviour starts after injection of 6 and is
most obvious with 12 and 15 microdrops.

Properties of lyso forms of phospholipids

For lyso forms of phospholipids, such as lysophos-
phatidylcholine and lysophosphatidylserine, Evans and
co-workers (Evans et al. 1980) could not find any
difference in the surface viscosity of pure water. This was
measured in the range of surface pressure between 2 and
30 mN/m and using an oscillating pendulum method.
We therefore decided to test the sensitivity of our
method with respect to surface viscosity, applying
oleoyl-lysophosphatidylcholine (Lyso-PC).

Similar to DPPC, the surface tension decreases when
Lyso-PC in organic solution is brought to the oscillating
drop surface by successive microdrop injection. The
surface tension as a function of the apparent dynamic
area per molecule is shown in Fig. 9B. The surface
tension at equilibrium amounts to 34.21 + 0.01 mN/m
(n = 3). Surprisingly, however, the surface damping
parameter b remains, over a large range of surface
density, below the base value of the uncontaminated
fresh water surface (3.31 x 107® kg/s%). The effect is seen
with the DPPC/cholesterol system (Fig. 9A, enlarge-
ment of Fig. 7B) and, most significantly with the Lyso-
PC system, when the area/molecule value becomes lower
than 160 x 1072° m?. Surface damping returns to its
starting value when surface tension adopts its equilib-
rium value. Although the qualitative behaviour is the
same in different experiments, within the region of the
steepest slope, very small differences in the average area/
molecule cause distinct differences in y (as seen in the
relatively large standard deviations), while surface
damping remains almost constant.

Discussion
Main characteristics of the new technique

It has long been known that the frequency of oscillation
of a freely falling drop is a most sensitive and non-
invasive parameter to study surface properties (Lenard
1887). The principle has later been realized in the form
of a “levitated” drop, in which the drop is suspended by
electromagnetic (Sauerland et al. 1993; Egry et al. 1996)
or sound fields (Achatz 1977; Trinh and Wang 1982;
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Fig. 9A, B Decrease of damping at low surface concentration. A
Effect of DPPC on the damping constant of an ODS drop. Damping
constant b in the presence (open) and absence (filled) of DPPC
liposomes in the interior of an oscillating drop; data are from Fig. 7B,
and shown on a larger scale. B Surface tension y (circles) and damping
b (triangles) of a drop injected with lyso-PC via microdrops. Each
point represents the mean of three experiments. Horizontal and
vertical bars are standard deviations. The data points near the
ordinate were measured with pure water

Tian et al. 1997). By computer modelling, Tian et al.
have found ways to determine the phase shift between
the exciter signal (modulation signal of the sound field)
and the oscillation of the levitated drop.

By employing a capillary, both to form and to excite
the drop to resonance oscillations (identified by the
phase condition A¢ = 90°), the oscillating drop surfac-
tometer (ODS) allows measurement of surface tension
and energy dissipation independently and simulta-
neously. The determination of the phase shift is in this
case very simple, the drop can be kept in the resonance
condition, and the damping constant can be measured
even in cases where the free decay of the damped oscil-
lation cannot be used. As this study shows, the ODS can
provide complementary information to the more estab-
lished techniques [see the Introduction and (Franses
et al. 1996)]. Of course, the main advantage of the ODS
is that it uses a minute amount of sample.
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The 7-A isotherm of lipids in the ODS

The n-A isotherm of lipids shows a typical coexistence
region between the liquid expanded (LE) and liquid con-
densed (LC) phases. It is best observed by compressing a
lipid film starting from the gas phase (M6hwald 1993).
The phase transition between the LE and LC phases
reflects itself (for DPPC at room temperature) in a more or
less expressed plateau between 5 and 10 mN/m. The pla-
teau depends on the purity of the lipid and on the finish of
the film (Mo6hwald 1993). In the literature, the beginning
of the LE phase generally occurs in the range of 90—
110 x 1072° m?, and the transition into the LC phase at
ca. 57-60 x 1072° m? per lipid molecule. At further com-
pression, a steep rise of surface pressure occurs in the
45 x 107*° m? range, which is interpreted as the transition
into the solid condensed (SC) (Denicourt et al. 1989;
Mohwald 1993; Denicourt et al. 1994; Li et al. 1996a).

In our measurements (see Figs. 7B and 8B) we find
interesting differences to the behavior of lipid layers in
the Langmuir trough:

1. The plateau indicating the coexistence phase is lack-
ing. The same observation was made by Li and co-
workers (Li et al. 1996b), using the axisymmetric drop
shape analysis (ASDA). These authors interpreted the
effect by a slowed nucleation process in a curved
surface so that, within the range of the compression
rates applied, an equilibrium is not achieved. It is
conceivable that, with the even higher compression
rates in the ODS, this effect is even more expressed. It
was also considered that, because of the (compared to
the surface) small bulk phase, lipid impurities become
more effective, thus preventing the expression of a
plateau, which requires the coexistence of only two
pure components (Miller and Méhwald 1987).

2. The first rise of the resonance oscillation period (re-
flecting a decrease of surface tension) occurs at much
lower concentration of lipid, in the range of 600-
800 x 1072° m? per lipid (assuming monomolecular
dispersion). This is a 10-fold lower lipid density than
the one at which the first deviation from the baseline
becomes measurable in the Langmuir trough and the
ADSA.

3. The well-known steep decrease of surface tension,
which is interpreted as the end of the coexistence
phase, occurs earlier with the ODS, typically with
twice the mean surface area/molecule, as compared
with the trough.

An obvious explanation for phenomena 2 and 3 would be
that more lipid is transported per MD than was calcu-
lated from concentration and volume. However, such an
artefact would not explain the different scaling for the
two effects. Moreover, the experimental precautions and
the careful determination of the MD volume make it
unlikely to occur (see Experimental set-up). A better
explanation is offered from the observation in epifluo-
rescence microscopy (Miller and Moéhwald 1987; Nag
and Keough 1993; Kretzschmar et al. 1996; Worthman

et al. 1997) that, in pure DPPC monolayers, small liquid
crystal domains form at relatively low surface pressure,
which grow with increasing surface pressure. It seems
conceivable that the nucleation process for the genera-
tion of such domains, and their following growth, begins
under our dynamic conditions with smaller quantities of
lipid, as compared with a resting surface.

Although the reasons remain to be elucidated, it
seems clear that the reactivity of the ODS to small
amounts of lipid is not due to miscalibration but to a
real physical effect. Nevertheless we will use “apparent
dynamic” units for the lipid concentration, to indicate
that they are formally calculated units of mean area/
molecule, as they are used in the literature.

Oscillation damping and viscosity

Kraegel and co-workers (Kraegel et al. 1996) report for
DPPC an increase of surface shear viscosity (frequency
0.1 cycles per second) beginning from zero surface
pressure up to ca. 10 mN/m, i.e. the end of the coexis-
tence phase. Above a surface pressure of ca. 32 mN/m a
stronger rise was observed, leading to the proposal of a
further phase transition not accessible to measurements
of surface tension alone. The same authors also observe
saw a strong rise of the surface dilatational viscosity
outside the assumed LE/LC phase.

In Fig. 7B, and even more expressed in Fig. 9A, a
drastic modification of the damping constant » can be
likewise observed with the ODS. In accordance with
Kraegel et al., we find a rise of the damping constant b
with increasing surface lipid density. The rise is even
more abrupt than in their measurements, which is most
probably due to the higher frequency range in our ex-
periments (non-Newtonian behaviour). The increase in
energy absorption of the system could be due to an in-
creasing displacement of water from the DPPC polar
head groups (Denicourt et al. 1994).

Damping at low lipid density

All experiments with the ODS have one surprising ob-
servation in common, namely, a small but significant
reduction of damping at low density of lipid (area per
molecule >200 x 1072° m?; Fig. 9A and B). This phe-
nomenon always preceded any measurable change of the
oscillation period (reflecting surface tension 7).

With DPPC, the base value of the surface damping of
a newly formed and uncontaminated surface is, after its
initial decrease, only adopted again when the surface
tension for a lipid film has dropped by at least 10 mN/m
(Fig. 7B). When cholesterol is added and surface damp-
ing is generally lowered, damping rises beyond the base
value only with a much larger decrease of surface tension
(e.g. >20 mN/m in Fig. 8B). With Lyso-PC, the damp-
ing parameter does not return to its base value, even
with the equilibrium surface tension of ca. 32 mN/m.



We believe that this substance-specific rise of surface
damping must be considered in close relation with its
general decrease at low density. We speculate that the
short-range order caused by the molecular properties of
water is disturbed by the presence of surface active sub-
stance. Thereby, specific structures could be formed, in
which less energy is dissipated. This idea was already
discussed by Blank and Soo (1976), in order to explain
the viscosity-lowering effect of cholesterol. Considering
in addition the LC domains discussed above, obtained
with fluorescence microscopy (Discher et al. 1999), one
may conclude that even after the formation of larger LC
domains the energy that dissipates into the surface
remains low as long as the domains do not collide. Only
after the end of the LE/LC coexistence phase, and in the
transition to the LS phase, surface damping is expected to
assume positive (with respect to very low concentration)
values. This would mean that Lyso-PC (Fig. 9B) does
not go through a phase transition under these conditions.
Further investigations on lysolecithin are under way.

Exchange of lipids with the surface

It can be anticipated that that a precise assignment of the
effects measured with the ODS to individual phases of 7-4
isotherm will require the simultaneous application of op-
tical techniques such as epifluorescence (Nag et al. 1996a;
Worthman et al. 1997). On the other hand, the results
have shown that the ODS technique provides new sensi-
tive tools to investigate lipid surfaces on water. Future
application may include the anchoring of proteins to lipid
monolayers. We have recently performed such an inves-
tigation on the G-protein of the visual cascade, transducin
(Seitz et al. 1999), using the Langmuir trough. The very
small sample volume of the ODS may allow future studies
to yield more extended and, because of the short diffusion
times, kinetically more relevant information.

The current application example was an investigation
of artificial lung surfactant and its interaction with the
air-water interface. Although the ODS is limited to
surface tension above ca. 20 mN/m, in order to avoid
detachment of the oscillation drop from the anchoring
capillary, some interesting observations could be made.

During respiration and alveolar movement, the in-
corporation into and release from the alveolar surface
must be accomplished on the time scale of respiration. In
agreement with the literature, we find that Survanta
liposomes (Fig. 6) readily cover the surface in a spon-
taneous fashion. This had been seen from both a dose-
dependent decrease of surface tension and an increase in
energy dissipation.

Remarkably, pure DPPC liposomes suspended in the
subphase of a lipid monolayer virtually do not exchange
with the surface and are thus incapable of developing
surface activity under our conditions; see also Meban
(1981) and Nag et al. (1996b). Our experiments have
shown that, when DPPC is first brought to the surface
through microdrop injection, and liposomes are present
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in the subphase, extra DPPC appears on the surface.
Evidence for this notion comes from the significantly
(50%) lower surface tension, as compared to injection in
the absence of subphase liposomes (Fig. 7B).

Previous work has suggested that aggregates, possibly
of linear geometry (Evans 1995), of saturated DPPC are
formed at the air-water interface. Such islands of lipid
may act as nuclei for the incorporation of lipid from the
subphase.

When the subphase liposomes contained cholesterol,
both surface tension and damping were specifically al-
tered. Again, the injected lipid induces the incorporation
of liposomes into the surface, but the effect of DPPC is
lowered by cholesterol in a dose-dependent manner
(Fig. 8B). Generally, cholesterol smoothens the effect of
the lipid, and more DPPC has to be injected to obtain
the same surface activities. Moreover, DPPC induces a
specific effect, namely that surface tension continues to
fall spontaneously after the initial step following each
injection. Apparently, the cholesterol/lipid mixture can
mimic to a certain degree the dynamic behaviour of the
more complex Survanta mixture (Fig. 6). The effect is
the more pronounced the more (injected) lipid is already
occupying the surface, and is accompanied by an in-
crease in energy dissipation (Fig. 8A). This is interesting
in the light of previous findings that cholesterol acts as a
fluidizer (Blank and Soo 1976; Fleming and Keough
1988; Ladha et al. 1996; Worthman et al. 1997) and
lowers surface viscosity, as compared to pure DPPC
(Evans et al. 1980; Evans 1995). These experiments yield
independent evidence that liposomes from the subphase
can reach the surface when it is inoculated with lipid. It
will be interesting to investigate this effect in the pres-
ence of defined amounts of surfactant proteins. In view
of the role of cholesterol as a modulator of membrane
protein-lipid interaction (Mitchell et al. 1990), these
proteins may exert their regulatory effects on the air-
water interface of the lung in concert with cholesterol.
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