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ABSTRACT An elementary theoretical model is described for the Brownian motion of circular lipid domains electrostatically trapped within
larger circular lipid domains in monolayers at the air-water interface. Earlier work is briefly reviewed, in which it is shown that the rm.s.
amplitude of the trapped Brownian motion follows a simple Maxwell-Boltzmann distribution, and can be used to determine the absolute
value of the difference of dipole densities in the two co-existing phases |u|. A comparison of this dipole density difference with that
obtained from surface potential measurements provides a critical test of the theoretical model. It is also shown that the kinetics of
Brownian motion can be analyzed to provide information on monolayer fluid mechanics and to provide a further test of the model.

It is pointed out that the ease with which domain movements can be observed in the fluorescence microscope, coupled with the fact
that the energies involved are only of the order of magnitude of kT, suggests that lipid monolayers can be used to detect weak specific

intermolecular bonds between ligands incorporated in the lipid monolayer, and receptors fixed in the aqueous subphase.

INTRODUCTION

Fluorescence microscopy has been used for many stud-
ies of co-existing monolayer lipid phases at the air-water
interface (1-3). This technique permits the study of not
only the sizes and shapes of lipid domains, but also their
motions. Recent work has described the r.m.s. ampli-
tudes of Brownian motion of circular lipid domains that
are electrostatically trapped within larger circular do-
mains (4). Such measurements of Brownian motion can
provide critical tests of an electrostatic model that has
been used to describe the behavior of monolayers (2).
Measurements of the kinetics of Brownian motion pro-
vide tests of hydrodynamic models of domain motion.
Finally, in principle the modulation of Brownian mo-
tion of lipid domains by intermolecular forces offers the
possibility of detecting weak, specific, biologically signifi-
cant intermolecular bonds.

BACKGROUND

We consider co-existing monolayer liquid phases such as
those present in binary mixtures of cholesterol and di-
myristoylphosphatidylcholine (DMPC) at the air-water
interface (4). In treating the electrostatics it is assumed
that because the individual phases are liquid, the molecu-
lar dipoles on average are oriented vertically, so that only
average forces between the vertical components of these
dipoles need be considered. Fig. 1 depicts two phases: a
light phase and a dark phase. This arrangement of phases
is seen frequently in binary mixtures of cholesterol and
DMPC (4). The cholesterol-rich phase is dark since it
preferentially excludes the fluorescent lipid probe. The
small light domain is electrostatically trapped within the
large dark domain and undergoes Brownian motion
about the center. As shown elsewhere, that part of the
dipole-dipole electrostatic energy that depends on the
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location of the small domain within the larger domain is
given by the expression (2)
di.- di’
F, ol T T ”'2 f ¥ ( 1 )

As discussed below, u is the difference in dipole density
in the two phases, and di and dI” are elements of perime-
ter around the inner and outer circular boundaries, hav-
ing the separation r. (See Fig. 1) As shown previously,
the component of F,, that is quadratic in the displace-
ment p is (4)

FQ = (3/2)*x*(a%p?/4°). (2)

Asshown in Fig. 1, a is the radius of the inner domain, 4
is the radius of the outer domain, and p is the displace-
ment of the center of the inner domain from the center
of the outer domain.

The corresponding harmonic force constant is K,

K = 3u’x2%a?/ 43, (3)

Assuming equipartition of energy, the time average po-
tential energy is

<F‘elz)> = kT. (4)
Earlier work (4) employed the parameter 7,
n=a’?/A® (5)

Experimental values of 5, 7 and (%) have been deter-
mined, where 5 refers to the result of a single measure-
ment, {n) refers to a time average over the domains of a
given a, and A4, and (7 ) refer to an ensemble average
over monolayers with domains of different radii, a and
A. From Egs. 2 and 3 it follows that the experimental
values of () should be constant, independent of @ and
A, and equal to (%). For the cholesterol-DMPC mix-
tures studied, this was indeed found to be the case to
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FIGURE ! Electrostatically trapped lipid domain. Circular domains of
two co-existing monolayer lipid phases are represented by white and
dark regions. The central domain of radius a is electrostatically trapped
within the dark domains of radius 4. Displacements of distance p from
the center arise from thermal excitation, corresponding to Brownian
motion. (This figure is taken from reference 4).

within the experimental error (4). The experimental dis-
tribution of the observed values corresponds quite well
to the expected distribution, exp(—7/{%)). See Fig. 2.
(For lipid mixtures of DMPC and dihydrocholesterol,
where u is smaller, it is necessary to include termsin p*in
Eq. 2.—Benvegnu, N., and H. M. McConnell, manu-
script submitted for publication.)

The approximate constancy of the experiment values
of (%), and the conformity of the observed values to the
expected exponential distribution are evidence in sup-
port of the theoretical model, and the view that the mo-
tion is Brownian. Since

u? = 2kT/37%(7) (6)

these measurements provide a determination of u%. An
important additional test of the theoretical model can be
obtained from measurements of surface potentials of
each of the two liquid phases, V] and V:

Vi, = (u,/4r) + const. (7)
V4= (nq/4m) + const. (8)
where
= T Mg

Such measurements require a knowledge of the compo-
sitions of the individual phases. Experimental results ob-
tained thus far give values of |u| by the two methods
that agree with one another to better than a factor of two.
In view of a number of sources of experimental error,
this degree of agreement is considered satisfactory. (Ben-

vegnu, N., and H. M. McConnell, manuscript submitted
for publication.)

KINETICS OF BROWNIAN MOTION

In considering the kinetics of Brownian motion of
trapped lipid domains, we need to consider two experi-
mental limiting cases. In one case, the domain radii and
dipole density differences are such that the trapped do-
main is tightly bound to the center of the trap, and un-
dergoes excursions of small amplitude. This motion is
most easily analyzed in terms of the position correlation
function described below. In the other limiting case, the
trapped domain undergoes excursions of large ampli-
tude, much larger than the radius of the trapped domain.
We suggest that this later motion is most easily analyzed
in terms of the Smoluchowski equation of Brownian
motion. Both limiting cases are observed experimen-
tally. As mentioned earlier, one objective of analyzing
the Brownian motion is to test the theoretical model of
the electrostatic interactions, and to measure the hydro-
dynamic drag on this motion.

The electrostatic potential energy of the trapped do-
main is cylindrically symmetric, and the equations of
motion are separable into x- and y-components. In
order to calculate the correlation function for motion in
the x-direction, ( x(#)x(t + 7)), we assume that the mo-
tion of the trapped domain follows the Langevin equa-
tion (5-7).

mx = R(t) — yx — kx. 9)

Here R(t¢) is the Brownian random force acting on the
trapped domain, assumed to be independent of x. The
correlation function corresponding to this motion is
known (5-7),

_i —Ar/2 l 1
(e + 7)) = 2 e (cos w7+ 2o sin w,r) (10)

where D is the domain diffusion coefficient, A = v/m,
w3 = K/m, and
wi=wf—(A\?/4). (11)

This result is valid for both underdamped motion (w? >
0) and overdamped motion (w? < 0). It is likely that
both cases can be realized experimentally.

For large amplitude motion it is convenient to analyze
the motion in terms of the Smoluchowski equation,

6—1:=§{D§P+75‘P}

(12)
where P = P(%, t) is the probability that the domain can
be found at position p at time ¢, and 7, = v/ K. Equation
12 is readily solved for special cases. Consider the nor-
malized probability distribution

578 Biophysical Journal

Volume 64 March 1993



3 Number of Occurrences

exp(-n/n)

24 32
n (1073 uMm)

FIGURE 2 Maxwell-Boltzmann distribution of domain displacements. A Maxwell-Boltzmann distribution of domain positions corresponds to a
probability distribution proportional to exp(—n/{#)) where n = a’p*/A* and (%) is a time and ensemble average of 7. Bars give the results of
experimental observations, at different times, and with circular domains of different radii, a and 4. Solid line is the Boltzmann probability

distribution. See text. (This figure is taken from reference 4).

P = (B/) exp(—Bp?) (13)

where 8 = f(¢) depends on the time. The differential
equation for 8 is

a8 I 1
o 25[ 28D + TO] (14)

for which a particular solution is
B =1[27oD{1 — exp(—2t/79)}]7". (15)

The solution in Eqgs. 13 and 15 is appropriate for de-
scribing a domain that starts out at time ¢ = O at the
origin, p = 0. At time ¢ = oo, P(3, c0) is a Boltzmann
equilibrium distribution. Other solutions can be ob-
tained for other starting conditions. In particular Eq. 12
1s separable in cylindrical coordinates (p, ¢). Diffusion
in the ¢-direction depends only on D, not on 7,. Thus
experimental measurements of the ¢-dependence of the
diffusion can yield D, independent of 7,. The diffusion
coefficient D is simply related to the friction coefficient
v, D =kT/~y.

Thus, in principle from the kinetics of Brownian mo-
tion, one can determine the diffusion coefficient (and
thus the drag ) as well as test the model by measure-
ments that involve an interplay of the drag and electro-

static forces. At present, the best available theoretical
approximation for the fluid mechanics for calculating v
is that of a thin solid circular disk of radius ¢ moving in
an infinite two-dimensional monolayer on the surface of
water. See Hughes et al. (8).

DISCUSSION

Reconstituted membranes composed of lipid mono-
layers and bilayers together with specific proteins and
lipids have been used in a wide range of biophysical and
biochemical studies. For examples involving immune
recognition, see (9). Lipid monolayers at the air-water
interface have well-known advantages, as well as disad-
vantages for such studies. It is our conjecture that a
quantitative understanding of lipid phase behavior, and
domain structure and dynamics can significantly in-
crease the utility of lipid monolayers at the air-water
interface for such studies.

The immediate purpose of this brief communication
has been to indicate how a quantitative analysis of
Brownian motion of electrostatically trapped lipid do-
mains can serve to test a phenomenological theory that
has been developed for lipid domains (2). Thus, two
entirely independent methods are described for the mea-
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surement of the square of the dipole density difference,
u2. One method uses the r.m.s. amplitude of the Brow-
nian motion, and the other uses surface potential mea-
surements. Measurements of the kinetics of Brownian
domain motion can also be used to test the electrostatic
model as well as assumptions concerning hydrodynamic
drag on lipid domains ( 10). Of course, other experimen-
tal arrangements can be used to provide additional tests
of models, and determinations of experimental parame-
ters.

A special intriguing feature of the Brownian motion of
lipid domains in monolayers is that such motion can be
easily monitored experimentally in a fluorescence micro-
scope, and the motion reflects energies that are only of
the order of kT. It is also true that a wide variety of
molecules of biological significance can be attached to
lipid monolayers. Thus, if the lipid monolayer has at-
tached ligands, and the aqueous subphase contains re-
ceptors for these ligands, it should be possible to detect
specific interactions between ligands and receptors, even
when the interactions are intrinsically weak, or few in
number, or both. The effects will be particularly large if
the receptors are attached to a massive support, such asa
biological cell, or solid support. The great potential ad-
vantage of monolayer membrane systems for such stud-
ies is that their hydrophilic surfaces can be selected or
designed to mimic closely biological membranes, and
thus minimize non-specific interactions.
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Notes added in proof:

(a) In recent work the dipole density difference x has been deter-
mined from measurements of the field gradient electrophoretic mobil-
ity of lipid domains. (Klingler, J., and H. M. McConnell. J. Phys.
Chem. In press.)

(b) For binary mixtures of DMPC and dihydrocholesterol the values
of u obtained from surface potential measurements, and field gradient
electrophoretic mobility measurements, are in good agreement with
values of |u| obtained from measurements of the r.m.s. amplitudes of
Brownian motion of electrostatically trapped lipid domains. (Ben-
vegnu, N., and H. M. McConnell. J. Phys. Chem. submitted).

(¢) Measurements of the Brownian motion of essentially free lipid
domains have now been carried out, verifying theoretical calculations
given in reference 8 for the hydrodynamic drag on solid circular lipid
domains in contact with a two-dimensional liquid lipid monolayer,
and with water. (Klingler, J., and H. M. McConnell, to be published.)

(d) Suppression of Brownian and other motions of lipid domains by
submerged potential probes has been detected. (Lee, K.-Y., and H. M.
McConnell, unpublished observation.)
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