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The ability to manipulate supported lipid bilayers after formation on a substrate has made possible new
classes of both molecular and cellular level experiments. In this report, we combine the unique properties
of these lipid systems with laminar flow concepts to selectively remove, collect, and reconstitute lipid
bilayers from specified regions of a surface. A stream of detergent solution was directed over a preformed
bilayer, resulting in the removal of bilayer material; mixing between adjacent flows at low Reynolds
number is diffusion limited, providing confinement of this stripping solution and, consequently, bilayer
removal with precision on the order of several micrometers. The freshly exposed surface allows formation
of new connected bilayer when exposed to lipid vesicles. In conjunction with surface micropatterning and
electrophoretic manipulation, we further demonstrate a first-generation, membrane-based separation/
purification strategy. Flow-based manipulation of lipid bilayers forms the basis of biomembrane microfluidics.
In particular, the directed introduction of lipids or other materials provides a route toward dynamic formation
and erasure of barriers to lipid diffusion. As examples of future applications of these methods, we discuss
the separation of mobile from immobile membrane components and a route toward spatially resolved
label-free analysis of composition gradients in patterned supported membranes.

Introduction
Lipid bilayers are a central structural and regulatory
feature of living cells. Substrate-supported lipid bilayers
offer a unique system with which to study the function of
membrane biomolecules. These model systems consist of
two leaflets of phospholipids in close association with a
hydrophilic surface such as glass. A thin layer of water
several nanometers thick separates the membrane from
the support;1-3 this structure is very stable in aqueous
solutions but can be disrupted using detergent, a variety
of solvents, or exposure to air. Biomolecules in supported
lipid bilayers of appropriate composition freely diffuse
within the plane of the membrane, mimicking a property
of cellular membranes that is essential for many cellular
functions.4-6 The compositions of supported lipid bilayers
are easily controlled, providing a robust model of systems
ranging from membrane-associated biomolecules (e.g.,
integrins, gap junctions, ion channels, GPI-anchored
proteins, and synthetic peptides) to cells of the immune
system.7-11
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In recent years, a number of tools have been introduced
for dynamically manipulating preformed supported lipid
bilayers, leading to a variety of novel, bilayer-based
systems and new models for examining membrane biomolecules.12,13 Two core concepts are membrane micropatterning or corralling and membrane electrophoresis.
In membrane micropatterning, barrier materials are
patterned onto glass or other appropriate surfaces using
standard microfabrication or microcontact printing
methods.14-16 When vesicles from solution contact the
surface, they irreversibly stick and ultimately form a
continuous bilayer on the open glass regions but not on
the barrier materials; the barriers restrict motion of lipids
to specific regions of the surface. One use of these barriers
is to create multiple, isolated lipid bilayer patches or
corrals on a substrate. Figure 1A illustrates schematically
one such corral containing membrane biomolecules of
interest, which, for simplicity here, are lipids marked
either red or green that are negatively charged or neutral,
respectively. Lipids are free to diffuse within the corralled
regions but do not cross between neighboring corrals; in
the absence of any driving force or strong intermolecular
associations, the bilayer composition is uniform across
the corralled region due to lateral diffusion and mixing.
In membrane electrophoresis, an electric field parallel to
the plane of the bilayer induces a net drift of charged
membrane components.17,18 When confined by micropatterned barriers, this drift, in competition with two(11) Dori, Y.; Bianco-Peled, H.; Satija, S. K.; Fields, G. B.; McCarthy,
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Figure 1. Micropatterning, electrophoresis, and stripping of
lipid bilayers. (A) Schematic diagram of a supported lipid bilayer
confined or corralled by microfabricated barriers. Mobile species,
illustrated by lipids with red and green headgroups, freely
diffuse and mix, approaching a uniform concentration across
the extent of the lipid bilayer. (B) Application of an electric
field induces migration of charged membrane components (the
red lipids) and represents one method of manipulating a lipid
bilayer after formation; the neutral lipids (green) do not respond
to this applied field and remain homogeneous in the corral. (C)
A stream of stripping solution is flowed over part of the surface
under laminar flow conditions, leaving an open region on the
substrate. (D) A new lipid bilayer, which could contain new
biomolecular species, indicated by the lipid with blue headgroups, is introduced. The relative sizes and organizations of
the components in these drawings are for illustrative purposes
only and are not to scale.

dimensional diffusion, leads to the formation of gradients
of the charged membrane components in the vicinity of
the barrier.18 This process is illustrated in Figure 1B by
the accumulation of the charged lipids (red), but not the
neutral lipids (green), against the right-hand barrier.
Two other concepts in the manipulation of lipid bilayers
are essential as background for the new methods presented
in this report. First, it is possible to remove sections of a
bilayer from a surface either by mechanically scratching
the surface18,19 or by blotting with a polymer stamp.20,21
The remaining supported bilayer can expand into the
region where membrane was removed; however, the
expansion is self-limiting22 and so long as a sufficient area
is removed, the gap does not heal over.20,22 Such gaps can
be completely healed by reintroducing fresh vesicles.19
The second concept exploits both the mechanism of
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supported bilayer formation and patterning. In bilayer
formation, the initial contact and sticking of vesicles to a
surface is irreversible. As a consequence, whatever
composition of vesicles approaches the surface is captured
by the surface. By use of adjacent flows of vesicle solutions
with different compositions in a laminar flow configuration, mixing is diffusion limited. We used this property to
obtain limited mixing of two solutions containing vesicles
with different compositions;23 the relative concentration
of these two types of vesicles in solution varied gradually
and continuously over a transitional mixing region at the
interface between the two flows. This process yields a
bilayer of different composition at different positions on
the surface within the mixing region. If the surface is not
patterned, then the bilayer components mix and the initial
variations in composition disappear. However, when the
surface is patterned with corrals of small extent compared
to the width of the mixing region, the mixing of membrane
components is limited locally, leading to formation of
composition arrays. More generally, patterning a surface
with features of small extent compared to the spatial
variations in vesicle composition allows capture of these
variations in the resultant lipid bilayer.
The new concept introduced in this paper exploits a
different aspect of the laminar flow scheme described above
to allow removal of a bilayer from a specific area on a
surface and, in some cases, replacement of this with a
bilayer of a different composition or a barrier material.
Whereas the scheme for producing composition arrays
relied on matching the size of the laminar flow mixing
region to several corral widths, directed removal/replacement of lipid bilayer can be achieved using mixing regions
of an extent much smaller than the size of the corrals. The
basic experimental concept is illustrated in Figure 1C and
builds on the manipulations outlined in Figure 1A,B, in
which charged (red) lipids have been accumulated against
a micropatterned barrier using an electric field. If we now
use laminar flow concepts to direct a solution which strips
the membrane from only a specified region as illustrated
in Figure 1C, the red component can be completely and
selectively removed from the surface. This leaves behind
a membrane edge, but because lateral expansion is selflimiting, the remaining bilayer only extends slightly into
this newly exposed region; with the right choice of stripping
solution, the remaining surface can be clean glass, similar
to that produced by either scratching or blotting. If desired,
the open region can be replaced with a bilayer of the same
or different composition by flowing vesicles over the surface
using the same inlet used to introduce the stripping
solution. The focus of this report is to demonstrate the
basic concepts outlined in Figure 1, which have applications in separations of membrane components (e.g.,
separation of mobile and immobile components of supported lipid bilayers), switchable (reversible) barriers, and
surface analysis as outlined in the Discussion. There are
many variations on these methods, leading to a general
concept of biomembrane microfluidics.
Materials and Methods
Vesicle Preparation. Stock solutions of small unilamellar
vesicles (SUVs) were prepared by extrusion. Briefly, egg phosphatidylcholine (egg PC) (Avanti Polar Lipids, Alabaster, AL)
was dried from chloroform in glass flasks and then desiccated
under vacuum for at least 90 min. These lipids were reconstituted
in deionized water at a concentration of 5 mg/mL and then
extruded through 50 nm pore size polycarbonate membranes
(extruder and membranes from Avanti). For visualization and
(23) Kam, L.; Boxer, S. G. J. Am. Chem. Soc. 2000, 122, 1290112902.
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Figure 2. Schematic drawing of the converging flow system
(ref 23) used for delivery of vesicles and membrane deposition
or for stripping a region of the surface. For some experiments,
the substrate was micropatterned with a staggered array of
corrals, as indicated in the inset of this panel. The flow cell also
allows application of an electric field parallel to the surface of
the corralled region and perpendicular to the direction of flow
deposition or stripping.
demonstration purposes, vesicles of egg PC were prepared
containing various amounts of a negatively charged, Texas Redlabeled phospholipid (TR-PE, Texas Red 1,2-dihexadecanoyl-snglycero-3-phosphoethanolamine; Molecular Probes, Eugene, OR)
and/or a neutral, NBD-labeled phospholipid (NBD-PC, 1-acyl2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-snglycero-3-phosphocholine; Avanti). For use in bilayer formation,
the stock vesicle solutions were diluted 1:1 in a 10 mM HEPES/
138 mM NaCl/5 mM KCl, pH 8.5 solution (HBS).
Flow Channel Preparation. Borosilicate glass coverslips
(22 mm × 40 mm, no. 1.5, VWR Scientific, Media, PA) were
cleaned by immersion into Linbro 7X detergent (ICN Biomedicals,
Inc., Aurora, OH) diluted 1:3 (v/v) in deionized water, rinsed in
water, and then baked at 450 °C for 4 h. These working surfaces
were stored in a covered jar at room temperature and used within
1 week in experiments.
Laminar flow channel/electrophoresis structures, illustrated
schematically in Figure 2, were prepared from two layers of poly(dimethylsiloxane) (PDMS; Sylgard 184; Dow Corning, Midland,
MI) elastomer. The first layer was cut to define a converging flow
system; the region downstream of the convergence measured 3
mm × 12 mm with a PDMS layer thickness of 1 mm. A 2 mm
× 10 mm stripe intersects the middle of the flow channel to allow
application of an electric field perpendicular to the direction of
flow. Holes were cut through a second, 2 mm thick layer of PDMS,
forming inlets and outlets to the underlying flow channel; vesicle,
wash, and stripping solutions were introduced through tubing
inserted into the inlets, as illustrated in Figure 2, while pipet
tips filled with water provided electrical coupling between
platinum wire electrodes and the electrophoresis channel. Prior
to assembly of the complete channel, the layers of PDMS were
oxidized in an air plasma for 20 s.
Surface Micropatterning. For some experiments, the coverslips were patterned with barriers of fibronectin by microcontact
printing15,23 prior to assembly of the flow channel. Briefly, PDMS
elastomer stamps containing topological representations of an
array of rectangular corrals, each corral measuring 450 µm ×
950 µm surrounded by a 50 µm wide border, were oxidized in an
air plasma and then coated with 100 µg/mL of fibronectin (Sigma,
St. Louis, MO) in 0.01 M phosphate buffer (pH 7.3) for 15 min.
The stamps were dried using nitrogen gas and then placed in
contact with a coverslip for 15 min; for the duration of this period,
a 15 g weight was placed on each stamp. The micropatterned
coverslips were sequentially rinsed in 0.01 M phosphate/140 mM
NaCl (pH 7.3) buffer, 1% n-octyl-β-D-glucopyranoside in HBS,
and water and then dried under nitrogen. Adjacent rows of corrals
were offset by 250 µm as illustrated in Figure 2; with this
geometry, different fractions of the corrals in adjacent rows could
be exposed to the stripping solution in a single step.
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Bilayer Formation and Stripping. Bilayers were formed
by first introducing vesicle solutions into the flow channels; after
30 s, the channels were rinsed extensively with HBS. For steps
involving electrophoresis, the channels were rinsed with water
prior to application of the electric field. Stripping buffer (SB)
consisted of 2% (w/v) n-octyl-β-D-glucopyranoside (Sigma) in HBS.
To allow for both introduction of the stripping buffer under
laminar flow conditions and subsequent rinsing with buffer
without interruption of flow, a two-way, four-port valve was used
in an injection-loop configuration to introduce 200 µL aliquots
of SB into fully developed flows of HBS. New lipid bilayers were
formed on the stripped regions by introducing vesicle solutions
into the flow channel and then stopping flow so the vesicle
solutions could interact with the surface for 30 s. Finally, the
channel was rinsed with HBS. All rinsing and solution exchange
steps (e.g., replacing buffer with water) were carried out using
at least 2 mL of the appropriate solution. For steps carried out
under laminar flow conditions, all solutions were introduced into
the flow channels using a syringe pump. Unless otherwise stated,
the combined flow through the channel for these experiments
was 4 mL/min, corresponding to an average flow velocity in the
channel of 22 mm/s.

Results
Spatially-Selective Removal of a Preformed Lipid
Bilayer. To demonstrate the use of laminar flow in
removing a limited and specified region of a supported
lipid membrane, a uniform, unpatterned bilayer was
formed in a converging flow channel like that shown
schematically in Figure 2. For visualization purposes, but
without loss of generality for other membrane-associated
biomolecules, the bilayer contained 0.5 mol % of Texas
Red labeled lipid (TR-PE, red). Under laminar flow
conditions (Reynolds number ∼ 1), half of the bilayer was
exposed to a 200 µL aliquot of stripping solution; this
solution was based on the detergent octylglucopyranoside,
which is widely used to disrupt cellular membranes. As
illustrated in Figure 3A, this process resulted in complete
removal of lipid bilayer from one side of the surface, in
this case, the right-hand side. Furthermore, it is also
possible to remove a stripe of bilayer using a converging
system of three streams (data not shown). As with other
methods for removing bilayers from the surface such as
scratching,18 blotting,20 and exposure to air,22 the edge is
stable after a rapid lateral expansion of a few percent of
the bilayer area.
The region of the surface that was exposed by the
stripping solution was able to support formation of a new
bilayer that is continuous with the bilayer remaining on
the surface. The open surface shown in Figure 3A was
exposed to vesicles of egg PC containing 1 mol % NBDlabeled lipids (NBD-PC, green), which formed a bilayer
on the right side of the surface but not the left; vesicles
were introduced using the laminar flow configuration, but
the flow was interrupted for 30 s to allow vesicle fusion
before rinsing. Lipids from the Texas Red and NBDcontaining regions freely mixed, as evidenced by a broad
transition zone between the bilayer regions (Figure 3B)
that became wider with time (data not shown). This
demonstrates that the newly formed bilayer is continuous
with the original lipid membrane, that is, the system is
completely self-healing.
The directed removal of bilayer using laminar flow can
be done with precision on the order of several microns.
This can be seen in the higher-magnification image of the
edge shown (Figure 3C) and a line profile of the fluorescence intensity across this region (Figure 3D). The bilayer
edge is a region measuring less than 5 microns in width.
Over this region, the bilayer edge exhibits microscale
structure in the plane of the membrane (Figure 3C), which
is similar to that observed at the edge of a self-limited,
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Figure 3. Spatially selective removal of a supported lipid
bilayer by laminar flow. (A) Fluorescence micrograph of a
unpatterned bilayer of egg PC supplemented with 0.5% Texas
Red labeled lipid immediately after exposure of half of the
surface (the right-hand side) to a detergent-based stripping
solution. Removal of bilayer on the right-hand side was
complete. (B) Incubation of the surface in panel A with vesicles,
which contained NBD-labeled lipids, resulted in formation of
a new region of lipid bilayer that was continuous with the
previous region of lipid membrane. (C) A higher-magnification
image of the edge shown in panel A, in conjunction with (D) a
line trace of fluorescence intensity, as indicated by the blue
dotted line in panel C, revealed that the edge was comprised
of both a tortuous boundary measuring a few microns in width
and a larger region containing a random distribution of defects.

expanding region of bilayer and appears as a sharp but
continuous decrease in average fluorescence in the line
trace (Figure 3D). Over a 20 µm wide region immediately
adjacent to this edge, the supported bilayer appears to
contain a random distribution of defects, each measuring
several micrometers or smaller in width. The density and
size of these defects are reflected in the decrease in average
fluorescence intensity of the bilayer near the edge (Figure
3D). A 20 µm diameter photobleach spot, centered on the
bilayer edge, recovered fully and appeared identical to
neighboring, nonphotobleached regions; the affected area
still exhibited both defects visible by light microscopy and
a gradual decrease in fluorescence intensity near the
bilayer edge (data not shown), suggesting that the bilayer
is a fluid, connected structure that is interrupted by defects. These defects are likely the result of a low concentration of detergent due to the limited diffusive mixing
between streams. The stripping buffer used in this study
contained 2% of octylglucopyranoside, a concentration well
above the critical micelle concentration for this detergent
(0.5-0.7%); however, similar results were obtained with
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detergent concentrations as low as 1%. Further reduction
in detergent concentration, in conjunction with the
strategies outlined in the Discussion, may help reduce
the extent of the transition region and reduce the presence
of defects. The more gradual decrease in bilayer intensity
toward the left of the trace in Figure 3D is associated with
nonuniform illumination of the field of view and is also
present in data collected for a homogeneous bilayer.
Separation and Removal of Charged Bilayer
Components. In this experiment, the interface between
stripping and nonstripping solutions in a laminar flow
chamber was aligned with a micropatterned array of offset
lipid corrals in the geometry shown in Figure 2. Figure
4A is centered on one of these 950 µm × 450 µm lipid
bilayer corrals containing both TR-PE and NBD-PC at
0.5 and 2 mol %, respectively; this is the case shown
schematically in Figure 1A, and the panels of Figure 4
that follow are closely related to those in Figure 1. Upon
application of an electric field, the negatively charged TRPE lipids (red), but not the neutral NBD-PC lipids (green),
migrated to the right edge of the corral; Figure 4B shows
a corral after a 1 h application of an electric field of 80
V/cm. The substrate was then exposed to a flow of stripping
solution and buffer such that the flows crossed the width
of the corrals (top to bottom in Figure 4), and the interface
between the solutions fell across a series of offset corrals.
For the corral shown in Figure 4C, this process resulted
in removal of roughly 1/3 of the lipid bilayer area, which
included the TR-PE that was accumulated against the
right-hand barrier. Because of the staggered arrangement
of corrals, different fractions of the lipid bilayer were
removed from the corrals in neighboring rows. Simply
moving the position of the flow relative to the surface can
provide finer control over the size of the removed area. In
a subsequent step, vesicles of egg PC containing TR-PE
alone (0.5 mol %) were introduced onto the right side of
the substrate using the same laminar flow configuration.
The formation of a homogeneous TR-PE-containing bilayer
on the right of the corral (Figure 4D) and subsequent
mixing of the TR-PE and NBD-PC lipids demonstrates
one method for introducing new membrane biomolecules
into a corralled bilayer system. Note that the stripping
process can be aligned to remove any part of the corral:
a side, a stripe down the middle, or multiple stripes if
multiple inlets are used (see Discussion). We also note
that in initial experiments, a trace amount of the fibronectin barrier was deposited at the interface between
the stripping and buffer streams; this linear smear of
deposited protein was only visible by light microscopy at
long exposures (20 times longer than that used to image
the barriers). Remarkably, this small amount of protein
introduces a barrier to lipid diffusion that cannot be healed
over by subsequent introduction of vesicles. On the basis
of fluorescence recovery after photobleaching (FRAP)
measurements, each region is a typical bilayer, but the
regions remain separated. When the protein-micropatterned surfaces were rinsed with a detergent solution prior
to introduction of vesicles, this smearing of protein was
eliminated, making possible the introduction of a new,
connected region of bilayer as shown in Figure 4D. This
shortcoming could also be avoided by using harder
materials that resist detergent solvation, such as photoresist,14 alumina,14,24 or titania,16 as the barrier material;
with these barrier materials, much harsher stripping
solutions can be used.
Composition Arrays by Barrier Formation. Removal of a region of lipid bilayer introduces a barrier to
(24) Groves, J. T.; Ulman, N.; Cremer, P. S.; Boxer, S. G. Langmuir
1998, 14, 3347-3350.
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Figure 5. Flow-based barriers and composition arrays. An
array of 950 µm × 450 µm corrals containing bilayer with both
TR-PE (red) and NBD-PC (green) was exposed to an electric
field for 1 h, inducing migration of the TR-PE lipids to the right
side of each corral. (A) This false-color image shows two adjacent
corrals (see Figure 2 for layout of corrals) after exposure of the
surface to stripping solution. This step removed different
amounts of the lipids in these two corrals because they are
offset perpendicular to the direction of flow. The extent of the
remaining lipid bilayer is visible by the edge of the NBD-PC
(green) signal. (B) Image taken 150 min after removal of the
electric field and relaxation of the TR-PE lipids. Since these
lipids were not appreciably removed from the system during
the stripping step, the final concentration of TR-PE lipids in
each corral reflects the remaining extent of the lipid bilayer;
the intensity of TR-PE is greater in the upper corral, since the
extent of this lipid patch is less than in the lower corral. For
this panel, the NBD-PC signal (green) was omitted for clarity.
For both of these panels, two images (each centered on one of
the corrals) were collected, identically adjusted for brightness
and contrast, and montaged.

Figure 4. Separation and collection of a charged membrane
biomolecule (cf. Figure 1). (A) False-color micrograph centered
on a single, 950 µm × 540 µm lipid corral containing a bilayer
of egg PC supplemented with 0.5% of the negatively charged
lipid TR-PE (red) and 2% of the neutral lipid NBD-PC (green).
The barriers are composed of fibronectin (white). (B) Under an
applied electric field (80 V/cm, 1 h), the TR-PE migrated to one
side of each corral. (C) A flow of stripping solution was used to
remove roughly 1/3 of the lipids from the corral, including most
of the TR-PE lipids. (D) Introduction of vesicles containing 0.5%
TR-PE introduced new bilayer onto the right-hand side of the
corral. On a longer time scale, mixing occurs, leading to an
appearance comparable to panel A. Alternatively, a different
composition could be introduced.

lipid diffusion, because it creates a bilayer edge.20,22 In
this section, we use a flow-generated barrier to produce
essential elements of a composition array. A bilayer
containing 0.5% TR-PE and 2% NBD-PC was formed on
a surface containing an array of corrals inside a converging
flow channel. An 80 V/cm electric field was applied for 1
h to induce migration of the TR-PE to one side of each
corral, similar to that illustrated in Figures 1B and 4B.
This surface was then exposed to a laminar flow of
detergent-based stripping solution and buffer alone; in
contrast to the process outlined in Figure 4, the detergent
was used to remove the region of lipid bilayer that did not
contain the accumulation of TR-PE. As a result of the

staggered arrangement of corrals in the array layout, the
flow of stripping buffer removed different fractions of the
corrals in adjacent rows (cf. Figure 2). Two adjacent corrals
illustrating this effect are shown in Figure 5A: the TRPE in each corral was accumulated against the righthand barriers, followed by introduction of detergent over
the left side of the surface thus creating an edge to the
corralled lipid bilayer, which is indicated by the presence
of NBD-PC lipids (green signal). Over time, the TR-PE
(red) in each corral diffused, approaching a uniform
distribution within each corral. Figure 5B, in which the
signal associated with the NBD-PC fluorescence has been
omitted for clarity, illustrates this diffusion over 150 min.
Since an equal amount of TR-PE lipids was accumulated
against the right-hand barrier in each corral and these
lipids were not removed by the stripping solution, the
concentration of TR-PE in each corral, after relaxation of
the gradient, reflects the area over which this lipid can
diffuse; that is, it is directly related to the fraction of the
lipid corral removed by the stripping solution. Thus, in
Figure 5B, the brighter TR-PE signal in the upper corral,
compared to the lower corral, is a result of the removal
of a greater fraction of the lipids in the upper corral during
the stripping process.
Discussion
In laminar flow, mixing between adjacent streamlines
is normally diffusion limited. While posing a challenge in
microfluidic design, this property has also been exploited
in microscale patterning and chemical synthesis.25-27 In
this report, we use laminar flow to spatially confine the
exposure of a bilayer to a stripping solution, allowing
removal of a specified region of bilayer. In the most basic
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Figure 6. Concept of preparation of purified populations of mobile membrane biomolecules. (A) A laminar flow system is used
to prepare two connected regions of lipid bilayer. The one on the left was formed from vesicles containing a target biomolecule,
which yields both mobile and immobile target biomolecules, indicated by the green, upright “Y” and membrane-embedded forms,
respectively. The region on the right was formed from pure vesicles not containing the target biomolecule. (B) Under the influence
of an electric field or by simple diffusion, the mobile biomolecules, but not the immobile counterparts, move into the region initially
composed of bilayer alone; this region now contains a purified population of mobile target biomolecules. (C) Diffusion of mobile
target biomolecules back to the left can be prevented by removing a thin strip of bilayer from the middle of the sample, which (D)
can be filled in with new material to form a permanent barrier. (E) Alternatively, the region containing the immobile biomolecules
on the left could be completely removed. (F) Subsequently, either more of the target biomolecule or a new biomolecular species
(shown in red) could be introduced into this system in either a single step or multiple steps. This process ensures that the various
biomolecules are mobile.

form, this process introduces a bilayer edge which acts as
a diffusion barrier; this is an evolution of membrane
micropatterning by scratching or blotting.18,20 However,
the functionality gained by using laminar flow stripping
as described in this report is the ability to both collect
lipids from and reintroduce vesicles or other materials
onto specific regions of a surface; these methods take
advantage of the unique stability and formation properties
of supported lipid bilayers. This leads us to suggest a
number of new strategies for the manipulation, control,
and analysis of membrane composition. In the following,
we illustrate two concepts and systems that follow directly
from the results described here. Each is currently being
developed for specific applications, and results will be
published separately.
One of the most exciting applications of supported
bilayers is to display membrane-associated biomolecules
such as membrane-tethered and integral membrane
proteins in a planar format and under conditions that
mimic their native environment. Lateral mobility is a key
aspect of such experiments, and the presence of an
immobile fraction of the membrane biomolecule of interest
complicates data interpretation. Several strategies have
been developed to create supported lipid systems containing membrane proteins that seek to minimize this
problem,10,28-30 but to date, no general method has been
(25) Kenis, P. J. A.; Ismagilov, R. F.; Whitesides, G. M. Science 1999,
285, 83-85.
(26) Chiu, D. T.; Jeon, N. L.; Huang, S.; Kane, R. S.; Wargo, C. J.;
Choi, I. S.; Ingber, D. E.; Whitesides, G. M. Proc. Natl. Acad. Sci. U.S.A.
2000, 97, 2408-2413.
(27) Delamarche, E.; Bernard, A.; Schmid, H.; Michel, B.; Biebuyck,
H. Science 1997, 276, 779-781.
(28) Wagner, M. L.; Tamm, L. K. Biophys. J. 2001, 81, 266-275.
(29) Wagner, M. L.; Tamm, L. K. Biophys. J. 2000, 79, 1400-1414.

described for directly producing bilayers containing large
biomolecules, including proteins, that are free of any
immobile fraction. The results described with fluorescent
lipids in Figures 4 and 5 can be directly extended to a
solution to this issue, and the concept is illustrated
schematically in Figure 6. First, the standard laminar
flow patterning23 of two types of vesicle solutions, one
containing the target biomolecule and the other without
this compound, is used to create two connected regions of
bilayer. For purposes of illustration, the region on the left
of Figure 6A contains a mixed population of both mobile
and immobile target biomolecules represented by the
Y-shaped and membrane-embedded forms, respectively.
The origins of the immobile population of membrane
biomolecules are likely related, at least in part, to the
process of bilayer formation. For example, with membraneanchored proteins on the outside of the vesicles used to
prepare the bilayer, it is possible that a fraction of the
vesicles assemble on the surface with the protein directed
toward the glass, where it becomes immobilized to the
substrate, while the remaining vesicles assemble with
protein directed toward the bulk solution, where it remains
mobile. There may be many other origins of immobile
fractions, and these drawings are only intended to
illustrate the well-documented10,28-30 problem of mixed
mobile and immobile populations. The region on the right
of Figure 6A consists of fluid bilayer alone, and the two
regions are connected. Under the influence of a driving
force such as an electric field (Figure 6B) or by diffusion
alone, the mobile population of biomolecules, but not the
immobile ones, can move from one region to the other,
previously unoccupied region, exactly as was illustrated
(30) Groves, J. T.; Wulfing, C.; Boxer, S. G. Biophys. J. 1996, 71,
2716-2723.
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Figure 7. Concept of spatially selective removal of molecules from the surface for compositional analysis. (A) Application of an
electric field to a corralled region with several components (shown in green, blue, and red) leads to reorganization depending on
their size, charge, and mutual interaction(s). Although visualization by fluorescence microscopy can be very useful, there are many
situations in which it would be desirable to probe the composition with spatial selectivity but without labeling. (B) Under laminar
flow conditions, application of several separate streams of stripping solution captures the distribution of biomolecules in (A) and
delivers the contents to separate containers for subsequent analysis, e.g., by mass spectrometry. (C) Alternatively, a single stream
of stripping solution can be scanned across the sample, sequentially removing regions of the bilayer for collection and analysis.

for the fluorescent charged lipids in Figures 4 and 5. As
a result, the membrane region on the right side of Figure
6B contains a purified population of mobile target biomolecules leaving the immobile ones on the left. The use
of a driving force can result in collection of virtually all
of the mobile protein in the region on the right. In itself,
this system addresses a fundamental challenge in the use
of supported lipid bilayers; however, unless diffusion of
the mobile target biomolecules back to the region containing the immobile fraction is prevented, these two
populations will ultimately remix. This can be prevented
by using the membrane stripping method described in
the experiments reported here to remove a stripe of bilayer
(Figure 6C). This stripe can be either left as open glass
or filled in or “caulked”15 by flowing a barrier-forming
material, such as fibronectin or bovine serum albumin,
over the same region (Figure 6D). Alternatively, the entire
region containing immobile targets can be removed (Figure
6E) and subsequently replaced with either pure lipids or
additional membrane biomolecules in order to increase
the concentration of target biomolecules or introduce a
different protein (as illustrated in Figure 6F). In situations
where removal of immobile targets is difficult, the use of
hard, nonprotein barrier materials, in contrast to fibronectin, would allow the use of stronger detergents,
solvents, or even proteolytic enzymes. By making available
membrane biomolecules free of any immobile fraction,
these combinations make possible new classes of membrane-based experiments. More generally, these methods
could be used in membrane-based separation experiments
to either remove a contaminating molecule or isolate
fractions of membrane biomolecules exhibiting different
properties of lateral mobility. These approaches have
already been implemented in our lab using GPI-tethered
E-cadherins31 and will be reported in a separate study.
The second broad class of applications that use membrane stripping is the spatially specific removal of
supported bilayer material from the surface for subsequent
chemical analysis. Experiments such as the generation of
gradients by electrophoresis, outlined in Figure 1A,B,
encode fundamental properties of membrane biomolecules
such as mobility and intermolecular association into
lateral positions.16,30,32 To date, these have been visualized
using fluorescence microscopy. However, the fluorescent
probes used to label lipid components are often of similar
(31) Kam, L. C.; Perez, T. D.; Nelson, W. J.; Boxer, S. G. Biophys. J.
2002, 82, 551A.
(32) Hovis, J. S.; Boxer, S. G. Biophys. J. 2001, 80, 502A.

molecular weight as compared to lipids, and the influence
of the additional size and physical or chemical properties
of these probes as well as probe-probe interactions (e.g.,
fluorescence resonance energy transfer and quenching)
on the behavior and quantitative characterization of
bilayer components can be complex.32 For example, subtle
interactions between membrane components lead to raft
structures, and it would be very desirable to know the
actual composition as a function of position if raft
components are reorganized.
The alternative approach we suggest is a direct extension of the methods demonstrated in this report: collect
the stripped bilayer material from regions of the surface
specified by the flow pattern for off-line, label-free, highsensitivity analysis such as capillary electrophoresis, mass
spectrometry, or enzyme-based colorimetry. Two such
evolutions of the present system are illustrated schematically in Figure 7. The first involves the use of multiple
flow streams to simultaneously remove and separate small
strips of the bilayer (Figure 7B), thereby sampling the
distribution of components in the direction of the electrophoretic gradient. Alternatively, the stream can be
scanned across the sample, either by moving the inlet
relative to the sample or by controlling the flow parameters
of adjacent streams, for example (Figure 7C). By collecting
bilayer material through only one outlet, this approach
facilitates a simplified sample handling and analysis
strategy. For both strategies, the limiting factor appears
to be the extent of the transitional edge (Figure 3), which
is likely a result of detergent diffusion between the solution
streams. For this first-generation report, the channel and
corral dimensions were chosen to be on the order of
hundreds of micrometers to facilitate manual alignment
of flow and bilayer. Reduction of these dimensions, the
use of higher flow rates, and changes in solution properties
are some approaches to reducing the extent of the
transitional region. Spatial selectivity on the order of 10
µm or less has been reported for other systems,25 and we
anticipate that this resolution will be readily attainable
with stripping solutions. Continued evolution toward finer
spatial resolution and better flow control should lead to
a probe-free system that yields spatial information approaching that obtainable by fluorescence microscopy.
The methods demonstrated here take advantage of the
unique fluid and surface-associated properties of lipid
bilayers and form the foundation of biomembrane microfluidics. We propose new experimental systems based
on these concepts, including membrane-based separations,
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determination of protein-ligand or lipid-lipid association
and dynamics, and analysis/directed assembly of membrane biomolecule complexes such as large protein assemblies and microdomains. In concept, reintroduction of
components to a bilayer is not limited to vesicles; other
compounds, such as barrier proteins (e.g., fibronectin),
can be introduced onto a surface, leading to the dynamic
formation of barriers based on these materials, such as
illustrated in Figure 6D. Last, these methods could be
easily integrated into existing microfluidic systems, lead-
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ing to new devices for the preparation and analysis of
biological membranes.
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