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Abstract 0 In a recent paper,1 we demonstrated that molecular
interactions between biopolymers and other smaller molecules can
be detected by means of dynamic surface tension measurements. In
the present paper, we demonstrate that the same methodology can
be employed for investigating dose effects and specificity of molecular
interactions. Three similar lipids were chosen for this study: 12(S)-
hydroxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoic acid (12(S)-HETE-free
acid), methyl 12(S)-hydroxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoate
(12(S)-HETE-methyl ester), and 5(Z),8(Z),11(Z),14(Z)-eicosatetraenoic
acid (arachidonic acid-free acid). These substances were added to a
fatty acid free bovine serum albumin (BSA) aqueous solution at
different lipid concentrations. The characteristic tension response
indicates that molecular interactions between 12(S)-HETE-free acid
and BSA exist. The detected interactions are concentration depend-
ent: at a molecular ratio of lipid to protein of 1:1, the binding of 12-
(S)-HETE-free acid to BSA is hydrophobic in nature; at the molecular
ratio of lipid to protein of 10:1, a secondary binding occurs and is
hydrophilic in nature. Similar molecular interactions were not detected
between 12(S)-HETE-methyl ester or arachidonic acid-free acid and
BSA, indicating that the interactions between 12(S)-HETE-free acid
and BSA are specific. As an independent means, surface elasticity is
used to probe the molecular interactions at the interface. In the case
of 12(S)-HETE-free acid but not its methyl ester or arachidonic acid,
distinct higher surface elasticities were observed at lipid concentrations
in excess of a molecular ratio of lipid to protein of 1:1. This finding
reinforces the above stipulations.

1. Introduction
Intermolecular interactions between macromolecules and

smaller organic molecules at different surfaces are of
fundamental importance to various industrial and biologi-
cal processes. Mixtures of polymers and surfactants and
their surface adsorption kinetics often play a vital role in
emulsions or dispersions of a large number of chemical
engineering products.2-5 The interplay between proteins
and lipids or lipidlike biomolecules is central to one of the
most important functions of proteins, namely the adsorp-
tion at biological interfaces, and the structure of bio-
membranes.6-8 Although a large amount of work has been

done in this area,5,9-12 the fundamental understanding of
the mechanisms is limited. This is partially because most
studies have focused on the isotherm, i.e., the equilibrium
behavior of polymers or proteins and smaller molecules at
interfaces. The dynamic processes, which are far more
important in many biological and engineering systems,
have been largely ignored.

Recently, we have developed a dynamic surface tension
method for studying the dynamics of protein-lipid interac-
tions at interfaces.1 This method depends on the measure-
ment of dynamic surface tension response to a saw-tooth
change in surface area, where both protein and lipid are
competing to adsorb. By analyzing the tension response,
one can obtain information about both surface competitive
adsorption and molecular interactions between the two
molecules. Using this method, we studied the binding of
Hepoxilin, a newly developed lipidic biomolecule derived
from arachidonic acid, to bovine serum albumin.1

The dynamic surface tension has been measured by
axisymmetric drop shape analysis (ADSA).13-16 This ap-
proach to obtaining surface tension is based on the shape
of a sessile or pendant drop. In essence, the shape of a drop
is determined by a combination of surface tension and
gravity effects. Surface forces tend to make drops spherical
whereas gravity tends to elongate a pendant drop or flatten
a sessile drop. When gravitational and surface tensional
effects are comparable, then, in principle, one can deter-
mine the surface tension from an analysis of the shape of
the drop. ADSA is devised specifically for drops with axial
symmetry. Over the last 15 years, this technique has been
developed to allow for measurement of a wide range of
surface tensions under both static and dynamic condi-
tions.13-16

The advantages of ADSA are numerous as compared
with conventional surface tension techniques such as the
Wilhelmy plate, the du Noüy ring tensiometer, and those
based on the volume or weight of a pendant drop.8,16 For
example, in comparison with the Wilhelmy plate technique,
ADSA requires only small amounts of the sample liquid;
this becomes significantly advantageous when the sample
is rare and expensive to obtain, such as in the case of many
biological studies. ADSA also easily facilitates the study
of both liquid-vapor and liquid-liquid interfacial tensions;
it has been applied to materials ranging from organic
liquids to molten metals, and from pure solvents to
concentrated solutions. Measurements with ADSA have
been satisfactorily made over a wide range of temperature
and pressure.13-16 In addition, since the profile of liquid
drops may be recorded by photographs or digital image
representation, it is possible to study surface tension in
dynamic systems where the properties are time-dependent.
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A number of studies have been carried out on biological
interfaces using ADSA.17-20 For example, the interfacial
tension, and hence the surface energetics, of human serum
albumin at the water-decane interface was studied as a
function of temperature and protein concentration.17,18 The
results allow one to infer protein affinity for such an
interface as well as a surface charge distribution of the
protein molecules. Incorporating a captive bubble method
and ADSA, one can also study low surface tension phe-
nomena in lung surfactant systems and hence draw physi-
ological significance of these substances.21,22 The study of
intermolecular interactions between proteins and lipids has
been a recent application of ADSA dynamic surface tension
measurements.1

In most biological systems, two questions are usually
asked in connection with molecular interactions such as
binding: one, is there a dose effect, i.e., is there a
concentration dependence of the binding; the other is the
specificity, i.e., is such binding specific to the molecules
under study. In this paper, we demonstrate that the
dynamic surface tension method1 can be employed for the
study of dose effects and specificity of molecular interac-
tions. We investigate the molecular interactions between
delipidated bovine serum albumin (BSA) and three slightly
different lipids: 12(S)-HETE-free acid, 12(S)-HETE-methyl
ester form, and arachidonic acid-free acid. Figure 1 shows
their molecular structures; it can be seen that 12(S)-HETE-
free acid differs from arachidonic acid by having an
additional hydroxyl group and a cis-trans conjugated diene
system, while the difference between 12(S)-HETE-free acid
and 12(S)-HETE-methyl ester is at the carboxyl end. It was
interesting to investigate whether these subtle structural
differences would distinguish one molecule from another
in terms of their interactions with bovine serum albumin
at the surface.

Biologically, the study of the molecular interactions
between lipids and protein also has important practical
implications. The binding of lipid to a membrane protein
would significantly alter the surface properties of the
membrane, such as hydrophobicity, and hence affect mem-
brane-assisted enzymatic reactions involving, for example,
phospholipases,23,24 i.e., possibly ion channel behavior and
adhesion of cells. Indeed 12(S)-HETE has been shown to

affect phospholipases23,24 and potently causes tumor cells
to adhere to the vascular endothelium.25

The objectives of this paper are (1) to measure dynamic
surface tension response to a saw-tooth change in the
surface area of solution drops using axisymmetric drop
shape analysis (ADSA); (2) to probe the molecular interac-
tions or binding between BSA, as a model protein, and
three lipids; (3) to investigate the concentration dependence
and specificity of the molecular binding; (4) to present a
new means to characterize surface molecular interactions
by calculating surface elasticity. The last objective is not
only an additional means to detect molecular interactions
but also provides a further physical/mechanical property
of the lipid-protein monolayer.

2. Materials and Methods
A. MaterialssThe sample of bovine serum albumin (Sigma

Chemical Co., St. Louis, MO) was essentially fatty acid and
globulin free, with an average molecular weight of 67 000. It was
used without further purification. Deionized and glass-distilled
water was used. 12(S)-HETE-free acid and arachidonic acid were
purchased from Cayman Chemicals (Ann Arbor, MI). The methyl
ester derivative was prepared with an ether solution of diazo-
methane.26 The reaction for methyl ester synthesis was complete
as judged by the layer chromatography. The material was pur-
chased from Cayman Chemicals as the free acid and converted
into the methyl ester by methods used routinely in our laboratory,
i.e., ethereal diazomethane. The molecular weights of these
compounds are 320, 304, and 334, respectively. Since these lipids
are not soluble in water, they have been initially dissolved in 1
µL of dimethyl sulfoxide (DMSO) before addition to 1 mL BSA
aqueous solutions. Three types of mixed solutions were prepared:
(1) 0.02 mg/mL BSA aqueous solution containing 12(S)-HETE-
free acid at a concentration ranging from 0.001 to 1.0 µg/mL. Note
that, within this range, a concentration of 0.1 µg/mL corresponded
to a molecular ratio between 12-HETE-free acid and BSA of
approximately 1:1; (2) 0.02 mg/mL BSA aqueous solution contain-
ing 12(S)-HETE-methyl ester at a concentration ranging from 0.01
to 1.0 µg/mL; (3) 0.02 mg/mL BSA aqueous solution containing
arachidonic acid at a concentration ranging from 0.001 to 1.0 µg/
mL. Two control experiments were performed using the following
two solutions: (1) a pure BSA aqueous solution at a concentration
of 0.02 mg/mL and 1 µL of DMSO; (2) a BSA-free solution of 1 µg
of 12(S)-HETE-free acid in a mixture of 1 µL of DMSO in 1 mL of
water (instead of a BSA solution).

B. Axisymmetric Drop Shape Analysis-Profile (ADSA-P)s
The dynamic surface tension response to a saw-tooth variation in
surface area was measured by ADSA-P. Detailed descriptions of
ADSA-P are given elsewhere.13-20 Briefly, ADSA-P fits the theo-
retical drop profile dictated by the Laplace equation of capillarity
to the experimentally determined drop profile. An objective
function is constructed which describes the deviation of the
theoretical profile from the experimental one. This function is
minimized by a nonlinear least-squares regression procedure,
yielding the interfacial tension. The program also provides the drop
volume, surface area, and the radius of curvature at the apex. The
program requires several randomly chosen coordinate points along
the drop profile, the value of the density difference across the
interface, and the magnitude of the local gravitational constant
as input. Each single image of a drop is analyzed 10 times with
20 different, arbitrary profile coordinate points each time.

During the experiment, the sample solution formed a pendant
drop at the tip of a Teflon capillary, enclosed in a quartz cuvette
which was mounted in an environmental chamber. The surface
area of the drop was varied in a saw-tooth pattern through the
volume change produced by a motorized syringe connected to the
other end of the Teflon capillary.1 In each run, drop images were
captured at 0.3 to 1 s intervals for 6 min. Within this time period,
repeated tension response cycles were established, based on which
the analyses for molecular interactions were conducted. All the
experiments were performed at 37 °C.

3. Results and Discussion
A. Molecular Interactions and Dose-Effectss

Figure 2 shows the dynamic surface tension response to

Figure 1sSchematic of molecular structures for (a) 12(S)-hydroxy-5(Z),-
8(Z),10(E),14(Z)-eicosatetraenoic acid (12(S)-HETE-free acid), (b) methyl 12(S)-
hydroxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoate (12(S)-HETE-methyl ester
form), and (c) 5(Z),8(Z),11(Z),14(Z)-eicosatetraenoic acid (arachidonic acid-
free acid). It is seen that 12(S)-HETE-free acid differs from arachidonic acid-
free acid by having an additional hydroxyl group and a cis−trans conjugated
diene system, while the difference between 12(S)-HETE-free acid and 12(S)-
HETE-methyl ester is at the carboxyl end.
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the saw-tooth change in surface area within the time range
from 240 to 300 s from the beginning of the experiment
with the aqueous BSA solution at a concentration of 0.02
mg/mL. It has been shown1 that at early times (less than
60 s) the tension response reflects the initial adsorption
process of BSA to the surface and does not repeat itself
from cycle to cycle. Only after 120 s does the tension
response start showing constant cycles, as shown in Figure
2. Each cycle shows a characteristic, skewed shape, with
two kinks occurring in the two branches corresponding to
surface expansion and compression.

As demonstrated in a previous paper,1 the error associ-
ated with each individual surface tension value is generally
small, less than 0.2 mJ/m2 at the 95% confidence level;
hence, the tension response to the saw-tooth variation in
surface area (Figure 2) reliably represents the true phys-
icochemical properties of the surface of a protein and/or
lipid adsorption film.

Figure 3 shows the dynamic surface tension response to
the same saw-tooth variation in surface area as that in
Figure 2 for the BSA solution to which 12(S)-HETE-free
acid had been added. A series of 12(S)-HETE-free acid
concentrations were used in the experiment: 0.001, 0.005,
0.01, 0.02, 0.05, 0.1, and 1.0 µg/mL BSA aqueous solution;
however, only three concentrations are shown in Figure 3
since for concentrations below 0.1 µg/mL the tension
response was found to be similar to that of the concentra-
tion of 0.01 µg/mL. It can be seen that at low 12(S)-HETE-
free acid concentrations (e0.05 µg/mL) the tension response
to the area variation is similar to that observed in Figure
2 for the pure BSA solution: the characteristic, skewed
shape indicates that the surface is covered mainly with
BSA molecules. However, at the concentration of 0.1 µg/
mL, a distinct pattern change is observed in the dynamic
surface tension response: the skewed pattern of the BSA
solution is replaced by a rather symmetric one. This
indicates that the surface properties are not determined
solely by BSA, i.e., the added 12(S)-HETE-free acid plays
a role. It is noted that the 0.1 µg/mL concentration
corresponds to a molecular ratio between 12(S)-HETE-free
acid and BSA of approximately 1:1. As the concentration

of 12(S)-HETE-free acid increases to 1.0 µg/mL, yet another
asymmetric pattern emerges in the tension response.
Clearly, there is a dose-effect on the surface tension
behavior and hence on the physicochemical properties. At
concentrations above 0.1 µg/mL, the tension response to
the area change provides a useful tool to probe possible
molecular interactions between 12(S)-HETE-free acid and
BSA.

To investigate further the effects of 12(S)-HETE-free
acid, a control experiment was performed, in which 1 µg
of 12(S)-HETE-free acid dissolved in 1 µL of DMSO was
added to 1.0 mL water, i.e., in the absence of BSA. The
results are shown in Figure 4, where minimal changes in
dynamic surface tension pattern are observed in response
to the same saw-tooth variation in surface area as that in
Figures 2 and 3. If there were no interaction between 12-
(S)-HETE-free acid and BSA in the mixed solution, the
resulting surface tension would have to be a superposition
of the surface tensions of the individual lipid and protein
solution. However, from Figures 2-4, the tension response
of the mixture at a concentration of 12(S)-HETE-free acid
of 0.1 µg/mL does not reflect the pattern of the pure BSA
solution at all. Therefore, molecular interactions must exist
between 12(S)-HETE-free acid and BSA, likely forming
lipid-protein complexes due to 12(S)-HETE-free acid
interacting with BSA. These complexes, being species
different from albumin alone, no longer show the skewed
shape of BSA, presumably caused by conformational
changes.

In general, the appearance of kinks in the tension
response to surface area variations (e.g., Figure 2) reflects
a phase or structural transition of the surface molecules.8
Disappearance of the kinks, at the lipid concentration of

Figure 2sDynamic surface tension response to a saw-tooth change in surface
area, within the time range of 240 to 300 s from the beginning of the experiment
with the BSA aqueous solution at a concentration of 0.02 mg/mL and 1 µL
DMSO. Each cycle shows a characteristic, skewed shape in the tension
response, with two kinks in the two branches corresponding to surface
expansion and compression, respectively.

Figure 3sDynamic surface tension response to the same saw-tooth variation
in surface area as that in Figure 2 for the BSA solution to which 12(S)-HETE-
free acid had been added. A series of 12(S)-HETE-free acid concentrations
were measured: 0.001, 0.005, 0.01, 0.02, 0.05, 0.1, and 1.0 µg/mL of BSA
aqueous solution; however, only three concentrations are shown here since
for concentrations below 0.1 µg/mL the tension response is similar to that of
0.01 µg/mL. It is seen that at low 12(S)-HETE-free acid concentrations the
tension response to the area variation is similar to that observed in Figure 2.
However, at the concentration of 0.1 µg/mL, a distinct pattern change is
observed in the dynamic surface tension response: the skewed pattern in
the tension response of the BSA solution is replaced by a rather symmetric
one. As the concentration of 12(S)-HETE-free acid increases to 1.0 µg/mL,
yet another different, symmetric pattern is observed in the tension response,
indicating a dose effect on the surface tension behavior and hence on the
surface physicochemical properties.

Journal of Pharmaceutical Sciences / 1295
Vol. 88, No. 12, December 1999



0.1 µg/mL (Figure 3), indicates that the binding of lipid to
protein stablizes the surface phase at one molecular
configuration. Furthermore, since the distinct change in
the tension response pattern of BSA occurs at the concen-
tration of 0.1 µg/mL of 12(S)-HETE-free acid, corresponding
to a molecular ratio of 1:1, such interactions between 12-
(S)-HETE-free acid and BSA are presumably connected
with a single binding site (see also below).

Another observation in Figure 3 is that the tension value
reached at the peaks for the concentration 0.1 µg/mL is
significantly higher than that for the other concentrations
including the pure BSA solution (Figure 2). This indicates
that the mixture, at the 1:1 molecular ratio, is more
hydrophilic than BSA itself; therefore, the molecular
interactions between 12(S)-HETE-free acid and BSA may
be hydrophobic in nature, such that the hydrophobic end
of the lipid attaches to a similar part of the protein, leaving
the hydrophilic end of the lipid exposed to the surrounding
water environment.

At the 12(S)-HETE-free acid concentration of 1.0 µg/mL
(Figure 3), the molecular ratio between lipid and protein
is roughly 10:1. One might think that the resulting
dynamic surface tension should predominantly be due to
the presence of 12(S)-HETE-free acid at the surface.
However, the tension response of the lipid alone (Figure
4) shows a very different response, with a much smaller
amplitude. If we were to assume that BSA has only one
binding site for 12(S)-HETE-free acid, then 9 out of 10 lipid
molecules would exist in water freely, and the resulting
surface properties of the mixture would have to be domi-
nated by the surface properties of the free lipid. However,
from Figure 4, the free lipid solution has high surface
tension values, above 65 mJ/m2; from Figure 3, the
maximum tension value is also above 65 mJ/m2 for the
mixture of the lipid and the protein at the concentration
of 0.1 µg/mL. If there were no interaction between lipid
and protein-lipid complex, the tension response of the
combination would be expected to be at the same high level.
This, however, is not the case; the maxima for 1.0 µg/mL
in Figure 3 are clearly below 65 mJ/m2. Therefore, one
needs to conclude that not all additional lipid molecules
remain free, but rather bind to BSA, at least to such a

degree that the surface tension is significantly lowered.
Since the maximum tension value at the 1.0 µg/mL
concentration is smaller than that at the 0.1 µg/mL
concentration, the new complex, as a result of the new
binding of the lipid to the protein, is more hydrophobic,
compared with the protein-lipid complex of 1:1 ratio, i.e.,
0.1 µg/mL of 12(S)-HETE. Hence, the additional binding
of the lipid to the protein is presumably hydrophilic in
nature.

It should be noted that, even at 12(S)-HETE-free acid
concentrations lower than 0.1 µg/mL, one may not rule out
the possibility of the aforementioned new binding of lipid
to protein, or secondary binding of lipid to protein. Such
binding is presumably associated with some low affinity
sites, and hence it does not amount to any sizable extent
and contributes little to the tension response. At 1:1 molar
ratio (corresponding to 0.1 µg/mL) or less, 12(S)-HETE-free
acid mainly interacts with BSA at the single binding site
of high affinity; this will predominantly dictate the proper-
ties of the surface molecules and affect the pattern of the
tension response. Only at higher molar ratios, e.g., 10:1,
as the high affinity binding site has already been occupied,
this secondary binding becomes important in changing the
tension response (Figure 3).

In the above analysis leading to the conclusion of 12(S)-
HETE-free acid binding to BSA and the dose-dependence
of such molecular binding, we tacitly assumed that the
DMSO, used as dissolving agent for the lipid, does not
interact with BSA, nor does the DMSO play a role in the
surface tension response after the initial few cycles. It has
been established that, for a mixture of DMSO and BSA,
the surface molecular population is dominated by small
DMSO molecules only at early stages of the cycling
experiment below 60 s, due to DMSO’s much higher
diffusion coefficient.1 With the passage of time, BSA
gradually adsorbs at the surface, and BSA molecules stay
at the surface once they adsorb. This leads to a squeeze-
out of the DMSO molecules from the surface. After repeated
cycles, the surface properties are essentially determined
by the BSA molecules adsorbed at the surface, and no
DMSO contribution to the surface tension response can be
detected. This indicates that DMSO is merely a vehicle for
carrying lipids, and it does not contribute to the tension
response at late stages of the cycling experiment, as shown
in Figures 2-6.

B. SpecificitysTo study the possible specificity of the
molecular binding of 12(S)-HETE-free acid to BSA, two
similar lipids, 12(S)-HETE-methyl ester and arachidonic
acid-free acid, were used to perform the same tension
response experiment as that for 12(S)-HETE-free acid. The
results for 12(S)-HETE-methyl ester are shown in Figure
5 for three concentrations at 0.01, 0.1, and 1.0 µg/mL.
Again, 0.1 µg/mL corresponds to a molecular ratio of lipid
to protein of approximately 1:1. All three concentrations
show a skewed pattern, similar to that of the pure BSA
solution (Figure 2). This suggests the dominance of protein
adsorption at the surface, while 12(S)-HETE-methyl ester
molecules play little role in producing the surface tension
response. When comparing Figure 5 with Figure 3 at the
same concentrations, the disappearance of kinks in the
tension response differentiates the two lipids in their
interations with BSA.

It has been established that there are generally one to
two high affinity fatty acid-binding sites on albumin and
a number of low affinity sites.27-29 The distinct difference
between Figure 5 and Figure 3 indicates that the lipid-
protein interactions depend on the type of lipid, and a slight
variation in molecular structure can significantly alter the
lipid binding to albumin and hence the surface physical
chemical properties, as reflected in surface tension. Con-

Figure 4sDynamic surface tension response to the same area variation as
that in Figure 2 for a control experiment in which 1 µg of 12(S)-HETE-free
acid dissolved in 1 µL of DMSO was added to 1.0 mL of water, in the absence
of BSA. Rather symmetric cycles with small amplitudes are observed for the
tension response.
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versely, surface tension measurement would provide a
useful tool to differentiate lipid interactions with albumin,
particularly to detect possible conformational changes as
a result of the lipid binding to albumin.

Figure 6 shows the dynamic surface tension response to
the same saw-tooth area variation that was used above,
with arachidonic acid-free acid added to the BSA solution.
A series of arachidonic acid concentrations were used:
0.001, 0.005, 0.01, 0.05, 0.1, and 1.0 µg/mL; however, only
three concentrations are shown since for concentrations
below 0.1 µg/mL the tension response is very similar to that
of 0.01 µg/mL. Throughout these concentrations, a skewed

shape is always observed in the cycling tension response.
In contrast to the observation in Figure 3 for 12(S)-HETE-
free acid, there is no distinct change in the tension response
as the arachidonic acid concentration passes 0.1 µg/mL,
corresponding to a molecular ratio between lipid and
protein of approximately 1:1. As previously shown with 12-
(S)-HETE-methyl ester, Figure 6 indicates that molecular
interactions between these concentrations of arachidonic
acid and BSA is significantly different from those between
12(S)-HETE-free acid and BSA. This implies that the
detected molecular binding of 12(S)-HETE-free acid to BSA
is rather specific, and that a subtle variation in the lipid
molecular structure leads to significantly different interac-
tion properties between the lipid and the protein.

It should be noted that, in the above comparison or
analysis, several less significant features are neglected, and
the emphasis is placed on the high affinity binding between
BSA and 12(S)-HETE-free acid. For example, the magni-
tude of changes seems slightly greater for 12(S)-HETE-
methyl ester than for 12(S)-HETE-free acid at the concen-
tration of 0.01 µg/mL (Figure 5, top panel vs Figure 3, top
panel). This indicates that the interactions between the
methyl ester and BSA might be slightly different from
those between the free acid and BSA. Further, for the free
acid, the disappearance of kinkiness at 0.1 µg/mL and
higher does not seem to be complete, and a slight trace of
kink remains at these concentrations. This might indicate
that the high affinity interaction between the lipid and the
protein does not completely block the BSA properties,
although a significant change has been induced and
resulted in the tension response variations. To explain all
these detailed features in the tension response, more work
will be conducted with respect to the mechanisms of surface
molecular interactions and dynamic surface tension re-
sponse to surface area changes.

C. ElasticitysAs stated in the Introduction, surface
elasticity is an important surface physicochemical property;
it can be used as a measure of interfacial molecular
interactions. The definition of the Gibbs surface elasticity,
E, is

where γ is the surface tension, and A is the surface area.
Figure 7 shows the surface elasticity as a function of the
12(S)-HETE-free acid concentration. The slope in the

Figure 5sDynamic surface tension response to the same area variation as
that in Figure 2 for the BSA solution to which 12(S)-HETE-methyl ester had
been added at three concentrations of 0.01, 0.1, and 1.0 µg/mL. At all three
concentrations a skewed pattern is seen, similar to that of the pure BSA
solution.

Figure 6sDynamic surface tension response to the same area variation as
that in Figure 2 for the BSA solution to which arachidonic acid-free acid had
been added. Three lipid concentrations are shown: 0.01, 0.1, and 1.0 µg/
mL. It was found in the experiment that at concentrations of 0.001, 0.005,
and 0.05 µg/mL, the tension response is similar to that of 0.01 µg/mL. For all
these concentrations, a skewed shape is always observed in the cycling tension
response.

Figure 7sSurface elasticity as a function of the 12(S)-HETE-free acid
concentration. The error bars in elasticity result from a statistical analysis,
based on the Student’s t-distribution, of a series of linear curve fits to the
expansion branches of different cycles, at the 95% confidence level. There is
a distinct increase in elasticity at the 12(S)-HETE-free acid concentration of
0.1 µg/mL, corresponding to the dose effect as observed in the dynamic surface
tension response to the saw-tooth area change (Figure 3).

E ) Adγ
dA
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surface elasticity definition was obtained through a linear
curve fit to the relatively straight portion of the expansion
branch, after the kink appears (Figure 3, from point A to
B). The error bars in the elasticity result from a statistical
analysis, based on the Student’s t-distribution, of a series
of expansion branches of different cycles, at the 95%
confidence level. It can be seen that there is a distinct
increase in elasticity at the 12(S)-HETE-free acid concen-
tration of 0.1 µg/mL, corresponding well to the dose-effect
observed in the dynamic surface tension (Figure 3). At lipid
concentrations above 0.1 µg/mL, the formation of lipid-
protein complexes not only changes the dynamic surface
tension response to the area variation but also increases
the elasticity of the adsorbed layer.

4. Conclusions
1. From the dynamic surface tension response to a

patterned variation in surface area, molecular interactions
between 12(S)-HETE-free acid and BSA have been ob-
served.

2. The molecular interactions between 12(S)-HETE-free
acid and BSA are concentration dependent. At the concen-
tration corresponding to a molecular ratio of lipid to protein
of 1:1, a distinct surface tension response was detected,
indicating that such molecular interactions are based on
one binding site for 12(S)-HETE on BSA. The binding
appears hydrophobic in nature, i.e., the hydrophobic end
of the lipid attached to a similar part of the protein.

3. At the concentration corresponding to a molecular
ratio of lipid to protein of 10:1, secondary binding of 12-
(S)-HETE-free acid to BSA was detected from the dynamic
surface tension response. This secondary binding appears
to be hydrophilic in nature.

4. Comparison with two similar lipid molecules, 12(S)-
HETE-methyl ester and arachidonic acid-free acid, indi-
cates that the molecular interactions between 12(S)-HETE-
free acid and BSA are specific.

5. Surface elasticity can be independently used for
detecting molecular interactions and dose effects. In the
case of 12(S)-HETE-free acid in BSA solution, distinctly
higher surface elasticities were found at lipid concentra-
tions in excess of the molecular ratio of lipid to protein of
1:1.
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