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The oxygen permeability of phospholipid monolayers at the air
water interface is important for the gas exchange function of
biological monolayerfsand the stability of natural and synthetic
microbubbleg. The lipid monolayer shell of a stable microbubble
is in the unique state of being fully condensed, in which the tension
in the interface is negligibfeand the gas permeability is very Id\§.
Fluorescence microscopy results have shown phase coexistence in
the monolayer shell consisting of crystalline domains separated by
disordered phase boundarfesVe recently developed a novel
technique that utilizes a microelectrode in the induced transfer
mod€ to measure the oxygen permeability of the microbubble
shell> Herein, we report on a study that combined these two
techniques to correlate oxygen permeability measurements to known
microstructure for the first time in phospholipid monolayers.

Microbubbles were formed by sonification of an aqueous
surfactant mixture in the presence of air. The shell materials
consisted of a homologous series of saturated diacyl phosphatidyl-
choline lipids (C16, C18, C20, C22, and C24). Fluorescence o -
microscopy allowed visualization of the microstructure of newly Figure 1. Fluorescent micrographs of heat-treated microbubble shells
formed microbubbles. Dark crystalline domains were easily visual- showing shape of dark condensed phase domains surrounded by bright
ized within the probe-rich disordered phase (Figure 1). Control of disordered phase region: (a,b) C18, (c.d) C24; (a.c) slow cooling, (b.d)

. . . rapid cooling. Scale bars represent 4.
shell microstructure was performed by heating the microbubble

suspension above the lipid main phase transition temperature and Cos

then cooling at different rates, including slow—2 °C/min), 1.0
medium (15-35 °C/min), and rapid (1006700 °C/min). Average 0.9
domain perimeterl() and area4) were measured for each lipid Glass 0.8
acyl chain length and cooling rate. Average domain size decreased Insulation or
exponentially with increasing cooling rate and was independent of 06
chain length. Domain shape, however, dependetath cooling 05
rate and acyl chain length, as illustrated in Figure 1. The domain Microbubble 0.4
boundary densityd = L/A; boundary length per unit area) was Air Core 03
obtained for each shell composition at each cooling rate. Heat- 02
treated microbubbles were incubated at room temperature for 2 h 00-1

to allow the shell to fully compress such that the condensed phase : _ _ _
domains were closely packed, area fraction of the disordered phaseFlgure 2. Surface plot showing normalized oxygen concentration profile

L Lo Y (color scale shown on right) for the electrodleubble setup R =
was minimized, and surface tension in the shell was negll@ib?e. 0.001 cm/sp/a = 1.0 whered is the bubble-electrode separation distance

_Oxygen permeability was megsured iq a custom chamber on aanda s the electrode tip radius). Consumption at the charged electrode tip
microscope stage by positioning a microelectrode next to a induces oxygen transfer from the bubble air core.

microbubble held stationary with a micropipet (Figure 2). Oxygen
transfer from the bubble was induced by maintaining a potential g rinkages A typical steady-state concentration profile is super-
of —0.5 V at the electrode tip that resulted in diffusion-limited  jh0sed onto the schematic setup in Figure 2 to illustrate the
oxygen consumption and the development of a steady-stateqncentration gradient during dissolved oxygen transport from the
concentration gradient. Steady-state currefistance profiles were  microhybble gas core to the electrode tip. Normalized steady-state
obtained as the microbubble was incrementally translated toward ., irent intensity versus separation distance was determined by
the stationary electrode. We developed a FEMLAB package 10 jnteqgrating the oxygen flux over the electrode surface. The oxygen
model oxygen transport through the lipid monolayer shell and heormeaility of the monolayer shell was determined by comparing
intervening aqueous medium; results from these simulations verified FepLAB simulations to the experimentally determined steady-
earlier assumptions of negligible effects of curvature and gas core g4t currentdistance profile.
T Department of Chemical Engineering & Materials Science. Figure_s shows a plot ‘?f the experimenta]ly determined oxygen
* Department of Biomedical Engineering. permeability as a function of the domain boundary density.
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Figure 3. Oxygen permeability of the monolayer shell as a function of
the domain boundary density for each phospholipid acyl chain length. Error

modification to the energy barrier theory to account for the influence
of domain boundaries:

—En
P=(1+p)a ex;{ T ) (1)

wherea is an empirical constang, is the increase in activation
energy per additional methylene grolgs Boltzmann’s constant,
and T is temperature. The minimum permeabilitP.{,), ap-
proximated for a single crystal, is given by eq 1 setffhg 0 and

is shown as a function of chain length in Figure 4. The value of
E, was calculated from the slope of the linear trendline to be
110 cal/mol, in close agreement with previous results for gas
permeation through insoluble monolayéfsPermeation through
the single crystal would likely occur through intradomain defects
(i.e., subdomain boundaries). The finite nature of the domains and
their boundaries suggests tifawill have a limiting maximum value
and corresponding permeability that should also depend on acyl

bars include standard deviations of resistance, domain area, and domairchain length. This model unifies the effects of composition and
perimeter measurements; lines are linear least-squares fits of eq 1 for eachmicrostructure by combining the concepts of the accessible area

chain length. The permeability increases in proportion to the amount of
accessible area available in the domain boundary regions.
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Figure 4. Minimum permeability a3 = 0 (d) versus acyl chain length.
The increase in activation energy per additional methylene group was
calculated from the slope of the linear trendline.

Permeability decreased significantly as chain length increased for
a given microstructure. For each lipid, oxygen permeability
increased linearly with domain boundary density, indicating that
permeation occurs readily through the accessible area of the
disordered interdomain regions. Furthermore, permeability de-
creased exponentially with increasing lipid acyl chain length (
for a given domain boundary density (Figure 4), showing that lipid
composition plays a crucial role in determining the oxygen transport
rate through both the domain and boundary regions.

The exponential relationship betweRmandn supports the energy
barrier theory for monolayer penetration rather than the macroscopic
continuum approach of solubility and Fick’s diffusion, which would
predict a linear relationship.1° The energy barrier theory predicts
a mechanism that is analogous to gas diffusion through interstitial
sites in a crystalline lattice. The dependence of permeability on

defect density indicates that poor packing at the domain boundaries
facilitates such transport. G. T. Barnes noted that the shortcomings

of conventional monolayer permeation theories, which attempt to
calculate monolayer permeability a priori based on fundamental
properties, likely arise because they do not account for micro-
structural effectd! Our results correlating permeability to micro-

structure clearly support this view. We propose the following

theory, in terms of the domain boundary density, and energy barrier
theory for monolayer permeation.

Electrodes have been used previously to measure the effects of
composition and surface pressure on oxygen transport through lipid
monolayers at the aitwater interfacé?13Likewise, the exponential
relationship between gas/vapor permeability and hydrocarbon chain
length has been described previousi2In the current study, we
utilized the unique properties of a lipid-coated microbubble,
including a well-defined microstructure and fully condensed state
of the shell, to measure for the first time the essential effects of
domain boundary density on the oxygen transport rate through a
phospholipid monolayer.
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