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ABSTRACT

Phospholipid vesicles exhibit a natural tendency to fuse and
assemble into a continuous single bilayer membrane on silica and
several other substrate materials. The resulting supported mem-
brane maintains many of the physical and biological characteristics
of free membranes, including lateral fluidity. Recent advances,
building on the supported membrane configuration, have created
a wealth of opportunities for the manipulation, control, and
analysis of membranes and the reaction environments they
provide. The work reviewed in this Account, which can be broadly
characterized as the science and technology of membrane pat-
terning, contains three basic components: lateral diffusion control
(barriers), membrane deposition techniques (microarrays), and
electric field-induced lateral reorganization. Collectively, these
preparative and analytical patterned membrane techniques offer
a broad experimental platform for the study and utilization of lipid
membranes.

Introduction

The phospholipid bilayer is arguably the definitive struc-
tural motif of living cells. In addition to compartmental-
izing the cell, lipid membranes provide a two-dimensional
fluid reaction environment in which orientational con-
straints, restricted component access, and long-range
electrostatic forces strongly influence molecular interac-
tions. Current models of cell membranes generally depict
a dynamic and highly organized fluid mosaic exhibiting
a considerable degree of lateral heterogeneity.!™> There
is enormous interest in the study of membrane lateral
structure since the spatial localization and cooperative
rearrangement of membrane components is emerging as
a critical aspect of numerous cellular processes, for
example, immune recognition®!! and integrin signaling,*>-4
to mention only two. Despite the ubiquitous involvement
of lipid membranes in biochemical processes, dispropor-
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tionately little is known about the physical characteristics
of membrane organization. This is partly due to the fact
that membranes are notoriously difficult to control and
manipulate, and because conventional structural methods
are ill suited for characterizing a system with such a high
degree of fluidity and attendant disorder. However, recent
advances in the development of supported membrane
systems provide an array of promising opportunities for
the precise control and quantitative study of phospholipid
membranes and the mechanisms by which they influence
biochemical processes.

A supported membrane is generally defined as a single,
continuous phospholipid bilayer on a solid or polymeric
substrate and was originally developed for use in cell—
cell recognition studies.’>~1° In 1984, Brian and McConnell
created supported membranes containing the major his-
tocompatibility (MHC) protein and demonstrated that
these could effectively replace the antigen-presenting cell
and elicit a specific immune response from living T
lymphocytes.!®> Over the years, various studies of cell
recognition and adhesion have greatly expanded upon this
strategy (see, for example, refs 20—25). The remarkable
ability of supported membranes to preserve specific
biological function is beautifully illustrated by the recent
observation of active immunological synapse formation
between living T lymphocytes and supported membranes
containing MHC and intercellular adhesion molecules
(ICAM-1).6

Supported membranes can be assembled by spontane-
ous adsorption and fusion of unilamellar phospholipid
vesicles with an appropriate substrate.'>?® Alternative
methods such as Langmuir—Blodgett dipping'® or mem-
brane spreading? can also produce high-quality sup-
ported membranes. Interactions between membranes and
surfaces involve electrostatic and hydration forces as well
as attractive contributions from long-range van der Waals
forces. An energetic minimum tightly traps the membrane
near the surface; alternatively, covalent tethering can been
employed.?® Supported bilayers are typically separated
from the solid substrate by a thin (~10 A) film of water29-3!
and retain many of the properties of free membranes,
including lateral fluidity. The fluidity is long range, with
mobile components of both leaflets of the bilayer diffusing
freely over the entire surface of the substrate.

The lateral fluidity of supported membranes is a key
feature that distinguishes them from other surfaces.
However, it presents an intrinsic difficulty in that mem-
brane components are continually mixing. A pivotal
realization was that barriers to lateral diffusion can be
imposed on the supported membrane and used to parti-
tion it into corrals with well-defined geometry (Figure 1).
Such barriers can be introduced into an existing mem-
brane by manually scratching®? or blotting away material
from the membrane-coated surface.® Alternatively, par-
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FIGURE 1. (A) Schematic diagram of a supported membrane; this
membrane is confined by a pair of diffusion barriers which have
been fabricated onto the supporting substrate. The membrane is
separated from the substrate by a ~10 A layer of water and the
lipids diffuse freely. Electric fields can be used to induce rearrange-
ment of charged membrane components, labeled in red. (B)
Fluorescence image of a membrane corral (as in A) in which a
laterally applied electric field maintains a steady-state concentration
gradient of the negatively charged fluorescent lipid (1 mol % Texas
Red) within a primarily egg-PC membrane.

titioning can be achieved by assembling membranes on
prepatterned supports.®#% In all cases lipids exhibit
uninterrupted diffusion within each corral, while there is
no intermixing between separate corrals.

The geometric arrangement of diffusion barriers that
constrain the membrane and determine its topology can
be thought of as the primary level of patterning. As a
secondary level of pattern formation, the composition of
the membrane at different lateral positions can be varied.
In the case of an array of isolated membrane corrals, for
example, different lipid compositions or proteins can be
deposited or flowed into individual corrals in the array,
thus producing a mosaic pattern of fluid membrane
elements, each with differing compositions.3*3¢:37 Such
membrane microarrays are proving useful in membrane
discrimination studies® and multiplexed screening ap-
plications.

Another type of secondary patterning can be achieved
by using external forces, such as those due to a tangen-
tially applied electric field, to induce lateral reorganization
within a fluid membrane mixture, also illustrated in Figure
1.323% The rearrangement of membrane components after
deposition offers a number of capabilities including
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directed concentration of lipids or proteins* and genera-
tion of continuous concentration gradients.

Electric field-induced reorganization of membranes can
also be employed in a variety of analytical applications.
The electrophoretic motion of lipids or proteins in the
membrane and DNA molecules or even cells interacting
with the membrane surface is analogous to conventional
electrophoresis, except that the medium is a lipid bilayer
rather than a hydrated gel or agueous solution.®?4! Field-
induced drift can also be combined with an asymmetric
labyrinth of microfabricated diffusion barriers that func-
tion as a geometrical Brownian ratchet.*> When membrane
components are electrophoretically driven through the
labyrinth, molecules are sorted in the direction perpen-
dicular to the field-induced motion on the basis of
differences in size and/or charge. In addition to drift
measurements, the ability to partition the membrane into
isolated corrals allows a type of equilibrium electrophore-
sis. In this case, concentration gradients build up in the
confined corrals until entropic and other intermolecular
forces exactly balance the field-induced drift. The shape
of the ensuing field-induced concentration profile reveals
information about the clustering state of molecules in the
membrane as well as providing quantitative characteriza-
tion of subtle and transient interactions between mem-
brane components.3%4-45 Both experimental and theo-
retical aspects of these field-induced concentration profiles
will be reviewed here.

Diffusion Barriers

A variety of techniques for fabricating supported mem-
branes which are partitioned into a mosaic of isolated
corrals by barriers to lateral diffusion have been devel-
oped. These fall into three basic categories: partitioning
existing supported membranes, printing patches of sup-
ported membrane with fixed geometry, and prepatterning
substrates to direct the subsequent membrane assembly.

The first technique developed to partition a supported
membrane with an array of barriers to lateral diffusion
involved mechanically scoring the membrane-coated
substrate.® Leak-free barriers as narrow as a few microns
can be created by scratching the supported membrane
with a sharp object such as a pair of tweezers. Topo-
graphical scoring of the substrate contributes to the
robustness of these so-called “scratch” barriers but is
generally insufficient to produce a stable partition in a
fluid membrane. Supported membranes are highly con-
formal and exhibit little difficulty flowing over contoured
surfaces. Extremely sharp edges (radius of curvature <10
nm) such as those produced by reactive ion etching or
deep abrasions on the surface are required to partition
fluid membranes on the basis of substrate topography
alone.

Effects involving hydration layers on the silica substrate
have been found to play a substantial role in maintaining
the stability of a scratch barrier.*s Water molecules at a
silica—buffer interface become ordered as the pH is raised,
and this highly ordered hydration layer is a poor lubricant
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FIGURE 2. (A) Fluorescence image of corrals of supported
membrane (green) partitioned by a grid of diffusion barriers (red).
In this case, barriers were created by microcontact printing a grid
of fibronectin onto a silica surface followed by membrane deposition.
(B) A circular region covering a number of corrals has been
photobleached by selective illumination. (C) After 20 min, diffusive
mixing leads to uniform composition within each corral; the barriers
prevent mixing between separate corrals. Figure adapted from Kam
and Boxer, ref 51.

for a spreading membrane. Membranes spread or creep
readily under mildly acidic conditions but cannot spread
under basic conditions. Correspondingly, scratch barriers
are quite stable under neutral or basic conditions but
become unstable and can heal in a matter of minutes or
hours, upon lowering of the pH.*’

These observations can be exploited to create complex
patterns by using a patterned polymer stamp such as poly-
(dimethylsiloxane) (PDMS) to “blot” away regions of a
preassembled membrane.®3# If desired, the open glass
region can be “caulked” by addition of polymers that bind
to glass such as proteins.*®

A second category of membrane patterning technology
was discovered as a surprising corollary of membrane
blotting. Blotting effectively “inks” the PDMS stamp, and
the blotted membrane can then be transferred to a fresh
glass surface. Alternatively (and preferably from a practical
point of view), supported membranes can be assembled
directly on an oxidized PDMS surface, and this can be
used to print essentially any pattern of membrane on a
glass substrate.3348

A third fundamental method of imposing arrays of
diffusion barriers on fluid membranes involves the use of
substrates on which patterns of other (barrier) materials
have been deposited prior to assembly of the supported
membrane.®* These patterned substrates are then used to
guide the self-assembly of lipid vesicles into supported
membranes with the desired pattern of diffusion barriers.
The mechanism by which this process works is simple:
lipid vesicles readily adsorb and fuse into a continuous
supported membrane over the silica surface, whereas they
do not form fluid membranes on the barriers. In fact, fluid
membranes self-assemble on only a few substances,
including a variety of glasses, silica, oxidized PDMS, and
a few polymers.®® Any substance that does not support
fluid membranes can function as a barrier to lateral
diffusion in the supported membrane. A wide range of
materials including metals (Au, Al, Cr, Ti, etc., the latter
presumably displaying oxide surfaces), metal oxides (for
example, Al,Oz; and TiO,), and some polymers (including
proteins patterned by microcontact printing) have proven
to function as effective barriers®424951 (Figure 2).

It is the chemical nature of the barrier material, not
the topography, that blocks diffusion within the supported
membrane. In the case of proteins such as bovine serum
albumin, we have found that surface-adsorbed protein
only a single monolayer in height (about 2—3 nm) is
sufficient to pattern the bilayer. Lithographic processing
techniques, developed extensively for the semiconductor
industry, can be applied to pattern barrier materials on
scales as small as tens of nanometers.

Membrane Microarrays

Supported membranes that have been partitioned into
precisely defined arrays of fluid membrane corrals hold
great potential for the study of cell membranes as well as
the production of integrated biological—solid-state de-
vices. For example, each corral can be filled with different
components as a way of displaying a library of proteins
or other molecules in a membrane environment.® This
necessitates the ability to address individual corrals in the
membrane array.

One strategy for modifying the individual corrals of a
membrane microarray involves a secondary photolitho-
graphic step. The micropartitioned membrane itself is the
substrate material for a spatially directed photochemical
transformation that either eliminates functionality or
activates the surface for attachment of some functionally
interesting molecule (Figure 3A). This procedure is clean
and can achieve very high spatial densities (>10° corrals/
cm?) but requires specific, photochemically active mol-
ecules.

A second approach to membrane microarray pattern-
ing was created by combining membrane microprinting
with pre-existing fixed barriers on the surface. Variable
fractions of the area within each prepatterned corral can
be printed with a patch of supported membrane of one
composition. The remaining open area within each corral
can then be filled with a second composition by vesicle
fusion from solution (Figure 3B). The newly formed
membrane fuses with the existing printed membrane
patch from the first step, and the compositions mix. In
this way, any combination of fluid membrane components
can be displayed in an array format.

A third method of membrane patterning exploits the
fact that vesicle fusion is essentially irreversible. By flowing
vesicle suspensions of different compositions under partial
mixing conditions over a prepatterned glass surface, each
micropatterned region will capture whatever composition
is passing by (Figure 3C). This process combines the
unique characteristics of a prepatterned surface to direct
self-assembly, with flow and mixing, both of which can
be controlled in sophisticated ways in microfluidic sys-
tems.5?

It is also possible to directly deposit vesicle suspensions
into individual corrals to produce membrane arrays.36:%
Such direct deposit methods are perhaps the most general,
since there is no intrinsic correlation between the com-
position of any two corrals in the membrane microarray.
Each of the fabrication processes mentioned above de-
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FIGURE 3. (A) A photomask is used to selectively expose each corral in an array with a specified dose of light. The light drives a chemical
transformation: in this case, photobleaching of a fluorescent probe. The dose is determined by the fractional area of illumination; diffusive
mixing leads to homogeneous compositions within each corral. A range of compositions is generated in a single photolithographic step.
Adapted from Kung et al., ref 37. (B) A PDMS stamp is inked with membranes by vesicle fusion directly to the oxidized PDMS surface. This
stamp is then used to deposit variably sized patches of supported membrane into an array of fixed corrals. The unfilled portions of each
corral are then filled with a second membrane, thus leading to a composition array. In this example, various amounts of red membrane are
printed, and a blue membrane is used to fill in. Images at right illustrate the relative compositions of Texas Red and Cascade Blue dye-labeled
lipids in the nine corrals. Adapted from Hovis and Boxer, ref 48. (C) Two or more solutions of vesicles containing different molecules of
interest (in this case Texas Red and green, DiD, dye-labeled lipids) are flowed over the surface of a prepatterned substrate. Vesicles adsorb
irreversibly to the surface, fuse, and mix; thus, the composition in each region on the surface reflects the degree of mixing of the vesicles
flowing over the surface. This gives rise to composition arrays (central panel). Fluidity is demonstrated by applying a lateral electric field (right
panel). The dye-labeled lipids have opposite charges and are separated by application of the electric field. Adapted from Kam and Boxer, ref
52.

pends in one way or another upon the basic notion that of supported membranes, the vesicle fusion process itself,
the surface can be partitioned to direct the self-assembly and the lateral fluidity within each corralled region.
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Electric Field-Induced Reorganization

The fluid nature of supported membranes permits dy-
namic rearrangement of membrane components over
macroscopic length scales. Application of an electric field
tangent to a confined patch of fluid lipid membrane
induces lateral reorganization of charged and uncharged
components in the membrane mixture, as illustrated in
Figure 1. Steady-state concentration gradients can be
generated and manipulated with applied fields. The
membranes remain fluid throughout this process, and the
field-induced concentration gradients relax to uniformity
by diffusive mixing when the field is turned off. Relatively
low lateral field strengths (10—100 V/cm) induce microme-
ter-scale patterns that can be generated and shifted
repeatedly without damaging the membrane or the dif-
fusion barriers.

The combination of micropatterned membrane tech-
nology with electric field-induced reorganization provides
a variety of novel analytical tools. Epifluorescence mi-
croscopy can be used to make quantitative measurements
of the electrophoretic drift and equilibrium concentration
profiles of fluorescently labeled components in supported
membranes. Several experimental configurations will be
discussed: drift velocity measurements, molecular separa-
tion in microfabricated labyrinths of diffusion barriers, and
field-induced concentration profiles. Collectively, these
techniques enable a wide range of experimental measure-
ments that can reveal quantitative information about
molecular interactions and organization within a lipid
membrane environment.

Electrophoretic Drift. A tangential electric field imparts
a net force on the charged components in a fluid
membrane, causing them to drift with a characteristic
electrophoretic drift velocity.®?4! In the vicinity of a
diffusion barrier, an image of the barrier will begin to drift
along with this velocity upon application of the field.
These images can be tracked over distances of more than
100 um, allowing direct measurement of the drift velocity
(Figure 4). Drift velocities for two GPI-linked proteins were
measured to be 0.91 £+ 0.05 um/s (B7—2) and 0.57 + 0.03
um/s (CD-48) toward the negative electrode at a lateral
field strength of 15 V/cm.*® For comparison, drift velocities
of negatively charged fluorescent lipid probes such as
NBD-PE or Texas Red-PE in a 15 V/cm field are around
0.15 um/s toward the positive electrode.3>4°

The direction of the electrophoretic drift does not
necessarily indicate the net charge of a molecule. A 15
V/cm lateral field typically induces a bulk electroosmotic
flow in the flat capillary arrangement used for these
experiments on the order of 100 um/s. Frictional and
hydrodynamic coupling to this flow contributes to the drift
velocity of proteins and lipids in the membrane. Elec-
troosmotic contributions reduce the drift velocity of
negatively charged lipid probes by roughly 40%.324! Unlike
lipids, the protein complexes studied protrude far out of
the membrane and are thus deeply immersed in the bulk
electroosmotic flow. Electroosmotic effects can dominate
the motion of membrane-associated proteins.*°
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FIGURE 4. Drifting image of a barrier during approach to steady
state. The scratch boundary is marked with a vertical arrow, and
the field is in the direction indicated. The membrane consisted of
pure egg-PC with 1% by mole Texas Red labeled lipid. The image
was taken 600 s after a 20 V/cm field was first applied. Below is a
trace of the fluorescence intensity (vertical average) across the
image. Location of the midpoint, d, of this intensity profile allowed
determination of the drift velocity.

Despite the complex origin of the composite electro-
phoretic force, fi, on each component i, this is a well-
defined quantity that can be determined directly from the
drift velocity: v; = %ifi. The mobility, #;, can generally be
obtained independently by measuring the diffusion coef-
ficient, D;, and making use of the Einstein relation, D; =
7iksgT. Reliable techniques, such as fluorescence recovery
after photobleaching (FRAP), are available for measuring
the diffusion coefficient of species in a fluid membrane.>%

The drift velocity of molecules in a membrane is a
characteristic property that can be used as a basis for
molecular separations. A geometrical Brownian ratchet,
consisting of a two-dimensional labyrinth of asymmetrical
diffusion barriers through which a fluid is driven (Figure
5A), can exploit subtle differences in molecular mobility
to achieve separation.*? Percolation of molecules through
the array of barriers results in a net lateral drift, perpen-
dicular to the electrophoretic drift, which depends on the
ratio of the electrophoretic drift velocity to the diffusion
coefficient (Figure 5B). Negatively charged lipid molecules
differing by a single charge were separated in a continuous
fashion by this method. Variations on this strategy might
be employed to separate more fragile membrane-associ-
ated molecules in a nearly native environment.

Equilibrium Concentration Profiles. Equilibrium con-
centration profiles within confined patches of a supported
membrane are one of the most informative experimental
observables provided by micropatterned membrane tech-
niques. Field strengths of 10—100 V/cm typically produce
concentration profiles with dimensions on the 100 um size
scale. Precise measurements of the concentration profiles
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FIGURE 5. (A) Sketch of the layout of the geometrical Brownian
ratchet projected into the plane of the support. A labyrinth of
asymmetric diffusion barriers (Ti-oxide) is bordered by similar barriers
which define an entrance to the ratchet. A fluid membrane is then
assembled uniformly onto the remaining silicon oxide surface. During
operation, membrane components are driven into the ratchet by an
electric field and sieved, on the basis of lateral diffusion and drift
velocity, as illustrated. (B) Fluorescence image after 2 h of operation,
illustrating the direction of motion of negatively charged fluorescent
dye-labeled lipids running through the Brownian ratchet (see ref 42
for details).

of fluorescently labeled membrane components can be
made using epifluorescence microscopy.

The equilibrium concentration profile is determined by
a balance between the relevant forces and effects of
entropy (see eq 7 below). Experimental measurements
have been in good agreement with calculations based on
a thermodynamic model in which membrane components
are characterized by their effective molecular areas, mo-
lecular charges, and the set of critical demixing coefficients
(differential interaction energies) between each of the
different species present (detailed below).

In a typical experiment, a dilute fluorescently labeled
lipid is used to probe the mixing behavior of two other
components in the bilayer membrane. Results from
experiments on three-component supported membranes
consisting of cardiolipin, egg-PC, and a fluorescent probe
(NBD-PE) are illustrated in Figure 6. Both the cardiolipin
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FIGURE 6. Experimental characterization of the mixing behavior of
two lipid components by the dilute probe method. The upper panel
contains an image of a steady-state concentration profile of the
NBD-PE fluorescent lipid probe (1% by area) in a mixture of
cardiolipin (14%) and egg-PC (85%). The negatively charged car-
diolipin and NBD-PE have been driven toward the left side of this
corral by the 40 V/cm electric field. A concentration gradient has
built up along the scratch boundary, which is roughly at the zero
position. A trace of the fluorescence intensity, which linearly
correlates with the NBD-PE concentration, is plotted with vertical
bars in the lower panel. Calculated profiles for different degrees of
critical mixing are plotted with solid curves.

and the NBD-PE probe are negatively charged and were
driven toward the anode side of corralled sections of the
membrane. Equilibrium distributions, such as the one
shown here, can be reached in roughly 1 h under the
conditions of these experiments.

A fluorescence image of the field-induced concentra-
tion profile of the probe is shown in the upper panel of
Figure 6. At dilute levels, fluorescence from the probe is
linearly proportional to its concentration; thus, the fluo-
rescence intensity provides a direct measure of the probe
distribution. The measured concentration of the probe
(vertical bars) along with calculated profiles (solid lines)
for varying degrees of critical demixing are plotted in the
lower panel of Figure 6. These results suggest a critical
demixing coefficient for cardiolipin/egg-PC mixtures cor-
responding to a critical temperature for spontaneous
lateral phase separation, T, of 75 K. It is interesting to
compare this result to similar experiments carried out on
mixtures of phosphatidylserine (PS) and egg-PC where
nearly ideal mixing (T. = 0 K) was observed.®® An advan-
tage of the dilute probe method is that subtle changes in
the concentration profiles of the major components can
produce exaggerated differences in the probe concentra-
tion profile. This effect is particularly prominent in the
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case at hand. Cardiolipin and egg-PC concentration
profiles (inferred from the model) do not show as large
or as distinctive a dependence on the critical demixing
coefficient as was seen in the probe profile.** The field-
induced concentration profile provides an observable that
allows direct measurement of the propensity of a mem-
brane to reorganize under the influence of lateral forces.
As seen here, critical demixing effects persist in mem-
branes even at temperatures and compositions far from
a critical point.

Thermodynamic Model. The time-dependent reorga-
nization of a membrane in response to lateral forces
iscomputed from the set of chemical potentials {ux} as
follows:

9Py
ot =V (9 Vi) (€))

where ¢ is the area fraction of component k as a function
of lateral position in the membrane. Equilibrium concen-
tration profiles satisfy the condition Vu, = 00k and are
independent of the mobility coefficients, 7. The gradients
of the chemical potentials used here are given by

Vi, = kBT(l 0k, [t~ Ame Amk)%) +
@ or T Ani ar
Amk . 9p; all o
A_Zyij(ai - ‘Pi)? + AmkE —Anc fic t kaeg )

u 1J

where kg is the Boltzmann constant, T is the temperature,
r is the lateral position, A, is the unit area of the lattice
(equal to the smallest of the molecular areas), IT is the
lateral pressure, v is the surface potential, and 62‘ repre-
sents the Kronecker delta function defined as 6¥ = {1 for
i = k; 0 for i = k}.3%%7% The long-range lateral forces
acting on each component are represented by f, in terms
of force per unit area. Membrane components are char-
acterized by their effective molecular areas (Amk), molec-
ular charges (zmke), and the set of critical demixing
coefficients between each of the different species present
{7ii}. This model employs Flory’s approximation for the
entropy of mixing in fluid mixtures consisting of differently
sized particles.

Each yj; is directly related to the critical temperature
in the corresponding binary mixture, thus offering a link
between measurable parameters in simplified systems and
the behavior of complex mixtures. In the case of two
neutral components,

ij 2
— kBT::J(l + Amj)

Vij 2 A 3)

mi

where An,; is the larger of the two molecular areas.*®
Incorporating electrostatic effects from charged compo-
nents, this relation becomes

- kﬂi"(i(i) . A_(L)) .\
u 2 \Ani\@i Amj 1— g

Au(zmie zmje) oy @

2

evaluated at the critical composition (icrit), which corre-
sponds to the minimum value of the expression in square
brackets over the interval {0 < ¢; < 1}.

Short-range electrostatic interactions such as those
among the charged lipids in the membrane are computed
using a continuum electrostatic model (Gouy—Chapman
theory) to determine the local surface potential, v, from
the membrane composition. The surface potential is
related to the surface charge density by the Gouy equa-
tion:

_ [2KgT) . ot ozelp
(o) = || Sinh g T ®)

where z is the valence of the symmetrical electrolyte
solution, e is the elementary charge, ¢, is the dielectric
constant of water, and Lp is the Debye length, defined as
Lp = (ksTew/21z%€?)%2, with | denoting the ionic strength
of the bulk solution. At low ionic strengths (I < 1 mM),
the total surface charge density of the supported mem-
brane is given by

Z.e
0=2) —q+ 0, (6)

mk

where the factor of 2 comes from the two leaflets of the
bilayer membrane and oy is the surface charge density on
the substrate. By this definition, any net charge trapped
in the water layer between the membrane and the support
should be included in go. In the high ionic strength of
physiological environments, the Debye length is so short
(Lp < 1 nm) that the two leaflets of the membrane may
be treated independently,% thus eliminating the factor of
2 in eq 6; in this case gy can be neglected as well.

Informative analytical solutions describing the equi-
librium concentration profile can be obtained for binary
systems. The equilibrium balance between applied forces
and internal forces arising from concentration gradients
is described by

KeT +I(B_T_ZZ+(E_Zm_Ze)@£)%:fl_fz
Amlq)l Am2§02 Au Aml Am2 3@1 or (7)
Solutions are given by
o) = KeT In(py) | KgT In(g,) vy
' Am(fi =) An(fi — ) Aufy — 1)
(Zmle _ Zmze\ 1/1(@1) (8)
Aml Amzl(fl - f2)

which is the inverse of the concentration profile function
@1(r). A convenient feature of this representation is that
critical demixing and electrostatic effects appear as strictly
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additive terms. The boundary condition on eq 8 for a
confined section of membrane requires that the total
amount of each component remain constant:

{f(pk dA = @ Ar )

where ¢y is the average composition of component k and
Ag is the area of the confined region.

In the special case of a binary system with equally sized,
neutral, non-interacting molecular components, eq 8 can
be inverted:

B 1
Y10 = oA — D) —rkgn) £ 1 O

This has the familiar form of a Fermi—Dirac distribution
in which the energy function, —Ani(fi — fo)r, is the
electrophoretic potential of component 1 relative to
component 2. The boundary requirement is met by
adjusting the positional parameter, re. EQuation 10 may
alternatively be expressed in terms of the drift velocity, v;
= nAmi(f, — f,), and diffusion coefficient, D = nkgT. Noting
that vi/D = Amy(f; — f2)/kgT, the concentration profile may
be rewritten as follows:

B 1
7N = p(Cvir — r)/D) + 1 (11)

Conclusion

The application of solid-state fabrication and soft litho-
graphic technologies to the patterning and manipulation
of lipid bilayer membranes has yielded a wealth of new
techniques. Further developments in supported mem-
brane technology are certain to continue, especially at the
submicron length scale and with respect to incorporation
of biological function. However, the most exciting ad-
vances lie ahead, as this emergent technology is applied
to fundamental studies of cell membrane science and the
engineering of integrated lipid membrane microdevices.
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