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Abstract
We have developed a microfluidic technology for the fabrication of compositionally asymmetric
giant unilamellar vesicles (GUVs). The vesicles are assembled in two independent steps. In each
step, a lipid monolayer is formed at a water-oil interface. The first monolayer is formed inside of a
microfluidic device with a multiphase droplet flow configuration consisting of a continuous oil
stream in which water droplets are formed. These droplets are dispensed into a vessel containing a
layer of oil over a layer of water. The second lipid monolayer is formed by transferring the
droplets through this second oil-water interface by centrifugation. By dissolving different lipid
compositions in the different oil phases, the composition of each leaflet of the resulting lipid
bilayer can be controlled. We have demonstrated membrane asymmetry by showing differential
fluorescence quenching of labeled lipids in each leaflet and by demonstrating that asymmetric
GUVs will bind an avidin-coated surface only when biotinylated lipids are targeted to the outer
leaflet. In addition, we have demonstrated the successful asymmetric targeting of
phosphatidylserine lipids to each leaflet, producing membranes with a biomimetic and
physiologically relevant compositional asymmetry.
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INTRODUCTION
The chemical composition of the eukaryotic plasma membrane is asymmetric; that is, if the
bilayer membrane is considered as two leaflets packed tail-to-tail, the leaflet facing the
exterior of the cell contains different lipids at different concentrations than the leaflet facing
the interior of the cell.1,2 In 1991, Devaux published a classic review of the contemporary
understanding of this phenomena; it remains an excellent summary of the early studies that
determined the composition in each leaflet.3 There are a number of hypotheses as to the role
that membrane asymmetry plays in cell function. Some view certain lipid species as
signaling molecules, with their presence in one leaflet or another capable of activating
protein machinery. For instance, it has been suggested that the appearance of
phosphotidylserine on the outer leaflet is a death signal, serving to recruit phagocytes to
attack the dying cell.4 It is also possible, however, that asymmetric membranes have special
mechanical properties that contribute to cell morphogenesis or vesicle formation.3,5 It has
also been suggested that long-tailed lipids in one leaflet can interact with lipids on the other
leaflet6–8, or that lipid phase structure can be communicated across leaflets9–13, leading to
signaling-like transmembrane interactions in asymmetric membranes. The role of membrane
asymmetry in cell function remains largely an open question, however.
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Synthetic lipid bilayers have traditionally been invaluable tools for studying processes in the
cell membrane. These models of the cell membrane can be broadly categorized into five
classes: black lipid membranes (BLMs), supported bilayers, liposomes, droplet interface
bilayers, and giant unilammelar vesicles (GUVs). BLMs are freestanding bilayer membranes
stretched across a circular orifice and supported at their edges by a solvent-mediated
interface with a thin solid film.14 They have been used for fundamental studies of lipid
bilayer structure15,16 and single-molecule studies of protein electrophysiology.17–19

Supported bilayers involve the fabrication of a lipid bilayer upon a solid surface; they have
been broadly applied for the display of membrane proteins and biosensing applications.20–25

Droplet interface bilayers have been developed only recently, and are formed spontaneously
at the contact point of two water droplets in oil.26 Liposomes are used widely in drug
delivery applications;27,28 they are also important tools for displaying membrane
proteins29,30 and have been applied in studies of lipid dynamics and phase separation.31

None of these synthetic bilayer structures is ideal for studying the full implications of
membrane asymmetry, however. Though BLMs, supported bilayers, and droplet interface
bilayers can be used to form asymmetric bilayers,32,33 they are limited as models of the cell
membrane. Supported bilayers introduce artifacts in the diffusive dynamics and phase
separation processes of lipid bilayers.34–36 These processes are challenging or impossible to
observe in BLMs and droplet interface bilayers. Further, none of these approaches is
amenable to mechanical testing. Cheng and coworkers recently developed a cyclodextrin
delivery-based system for fabricating asymmetric nanoscale liposomes.37 Liposomes,
however, have limited applications in analyzing membrane biophysics since their small size
makes them unresolvable by optical microscopy and inaccessible to standard mechanical
analysis approaches.

This leaves GUVs, spherical lipid bilayer vesicles with diameters in the range of 10–100
μm.38,39 GUVs have recently found extensive application as tools for imaging lipid phase
separation40–45 and observing membrane budding and morphology transformation.46,47

They are also classic tools for probing lipid bilayer mechanics48 and they have found recent
applications in building sensors and engineered surfaces.49,50 There are two widely used
systems for forming GUVs: electroformation51 and gentle hydration.52 Unfortunately, both
of these rely on spontaneous self-assembly of both leaflets simultaneously, and they cannot
produce asymmetric membranes. Stachowiak and coworkers recently developed a GUV
fabrication technique based on microfluidic jetting; while this method can be performed
with asymmetric droplet interface membranes, it is not clear that it is capable of producing
asymmetric vesicles.53

A layer-by-layer assembly approach to obtain asymmetric lipid vesicles was originally
proposed by Pautot and coworkers.54 In their implementation, however, giant vesicles were
only obtained when one of the leaflets was constructed from a block copolymer, leading to a
structure with minimal biological relevance.55 Several groups have followed the approach of
Pautot and coworkers in fabricating vesicles in a layer-by-layer process. Yamada and
coworkers developed a system for forming symmetric giant vesicles that sit at an oil-water
interface.56 Hamada and coworkers used a sugar density gradient to fabricate free-floating
giant vesicles.57 While they have claimed that this approach has the potential to fabricate
asymmetric vesicles, they have yet to satisfactorially demonstrate GUV asymmetry. Pontani
and coworkers also used a droplet-transfer type system to generate symmetric GUVs
containing controllably polymerized actin.58 Finally, Tan and coworkers have presented a
symmetric lipid vesicle formation technique based on shear-focusing microfluidic droplet
generation.59
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Here, we present a microfluidic flow-based layer-by-layer assembly approach for GUVs that
allows for the fabrication of asymmetric membranes in this useful synthetic bilayer format.
This work represents the first attempt to quantify the asymmetry of pure lipid membranes
prepared in such a format. We demonstrate this asymmetry with both labeled synthetic lipids
and natural lipids. This tool promises to be useful for the study of the role lipid bilayer
asymmetry plays in plasma membrane phase separation, mechanics, and budding and
vesiculation.

EXPERIMENTAL METHODS
Materials

Texas Red-modified 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (TR-DPPE),
annexin V (Alexa Fluor® 488 conjugate), avidin, and QSY7 carboxylic acid were purchased
from Invitrogen (Carlsbad, CA). Biotin-DPPE, 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol,
and porcine brain L-α-phosphatidylserine (PS) were purchased from Avanti Polar Lipids
(Alabaster, AL). Silicon wafers (3 inch (111) mech grade) were obtained from University
Wafer (South Boston, MA). SU-8 50 negative photoresist was obtained from MicroChem
Corp. (Newton, MA). Poly(dimethylsiloxane) (PDMS) prepolymer and curing agent kits
(Sylgard 184) were obtained from Dow Corning (Midland, MI). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).

Microfluidic device fabrication
Microfluidic devices were made via standard polymer lithography techniques.60 First, a
silicon wafer was spin-coated with a 50 μm-thick layer of SU-8 50. A photomask pattern
(CAD/Art Services, Inc., Bandon, OR) of microchannels was transferred to the photoresist
layer by means of a mask aligner. A second ~50 μm thick layer of same photoresist was
spin-coated on the previous one and the mask transfer was repeated. After development in
ethyl lactate, this negative master wafer was treated with trichloro(perfluorooctyl)silane by
vapor deposition for 15 min to facilitate easy detachment of the PDMS replica.

A 10:1 PDMS prepolymer:curing agent mixture was poured onto the master wafer. After
curing at 65 °C for 1 h, the PDMS replica was peeled from the master wafer. The PDMS
replica and a flat glass (1 mm thick) slide were oxidized by corona treatment (BD-20AC,
Elecro-Technic Products, Chicago, IL) and bonded irreversibly.61 The bonded device was
then heated at 65 °C for 2 h to recover PDMS surface hydrophobicity. Device geometry is
shown in Figure 1.

Asymmetric vesicle fabrication
Asymmetric giant vesicle formation was a two-step process, as shown schematically in
Figure 2. First, a two-phase droplet flow was established in a microfluidic channel. The flow
was driven by syringe pumps (11 plus; Harvard Apparatus Inc., Holliston, MA). At a 90°
channel intersection, an aqueous stream flowing at 20 μL/h was brought into contact with an
oil stream flowing at 100 μL/h, leading to the formation of aqueous droplets in the
continuous oil stream. The oil phase consisted of decane containing dissolved lipids. For
fluorescence experiments, this oil phase contained 5 mg/mL soy asolectin plus the labeled
species as described below. For biotin-DPPE or PS experiments, this phase contained 2.5
mg/mL DOPC, 2.5 mg/mL DPPC and 1.25 mg/mL cholesterol plus biotin-DPPE or PS as
described below. The aqueous phase consisted of a sucrose solution (0.5 M sucrose, 10 mM
HEPES and 100mM NaCl at pH 7.4).
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In a second step, the droplets were dispensed into a vessel with an oil phase
(decane:squalene 1:1(v/v)) with lipids. For fluorescence experiments, this oil phase
contained 1 mg/mL soy asolectin plus the labeled species as described below. For biotin-
DPPE and PS experiments, this phase contained 2.5mg/mL DOPC, 2.5mg/mL DPPC,
1.25mg/mL cholesterol plus biotin-DPPE or PS as described below. This phase was floated
above an aqueous phase consisting of a glucose solution (0.5 M glucose, 10 mM HEPES and
100mM NaCl at pH 7.4). This two-phase system was allowed to stabilize for 2 h prior to
vesicle formation in order to assure the formation of a stable lipid monolayer at the
interface. Droplets were transferred through this monolayer into the water subphase by
centrifugation (200 × g) for 2 minutes.

Observing vesicle samples
Microscopic observations of vesicle samples were performed in a Sykes-Moore chamber
(Bellco, Vineland, NJ) with #1 cover glass. Glass surfaces were pretreated with liposomes to
form fused supported bilayers on the surface.62,63 Cover slips were cleaned in acid (sulfuric
acid with NoChromix) for 2 h and rinsed with water before drying in a 60 °C oven. A
liposome suspension (2 mg/mL asolectin) was made by the standard sonication method.64

This suspension was placed on the clean glass for 10 minutes prior to flushing with HEPES
buffer (10 mM HEPES and 100mM NaCl at pH 7.4) and adding the vesicle sample.

Spinning disk confocal microscopy was performed using a Yokagawa CSUX confocal head
(Tokyo, Japan) on a Nikon TI-E inverted microscope (Tokyo, Japan) with a 60 × objective
(Apo TIRF 1.49 oil immersion). Illumination was provided by 50 mW solid-state lasers at
491, 561, or 640 nm. Brightfield microscopy was performed using the same microscope
with transmitted light illumination.

Fluorescence quenching assasy
Labeled lipids were included in either the microfluidic channel oil phase (Figure 2a), the
stationary oil phase (Figure 2c), or both phases. Each phase was prepared as described above
with the addition of TRDPPE to a total concentration of 4 μg/mL. Vesicles were
immediately transferred to an observation chamber where initial fluorescence images were
taken. The fluorescent quencher QSY7 carboxylic acid was added to the imaging chamber
as a 1 mg/mL solution in the glucose buffer described above. 2 μL aliquots of this solution
were added until further additions resulted in no change in vesicle fluorescence. Quantitative
fluorescence comparisons were made using ImageJ (available on the web from NIH:
http://rsbweb.nih.gov/ij/). Four fluorescence measurements were taken from each vesicle
examined; each experimental condition was examined in three vesicles. Measurements were
averaged across a given experimental condition and the standard deviation from the mean
was propagated as an experimental error. All images were background subtracted such that
the field outside of the vesicles was set to an intensity of zero. Lipid flip-flop experiments
proceeded in the same fashion, except that the vesicles were first stored at 4 °C for 15 hours.

Asymmetric biotin-binding experiments
Biotin-avidin immobilization of GUVs was performed as described previously.65 Briefly,
supported bilayers were formed on the glass surface by fusion of liposomes with a 15 wt%
biotin-DPPE content. Next, a 25 mg/mL avidin solution was deposited on the bilayer-coated
glass and allowed to bind for 15 minutes before being flushed away with HEPES buffer
solution.66 GUVs were fabricated with biotin-DPPE in either the microfluidic oil phase
(Figure 2a) or the stationary oil phase (Figure 2c). Biotin-DPPE was included at 15 wt% of
total lipid. The vesicles were introduced to the sample chamber and allowed to bind the
avidin-coated surface for five minutes. The chamber was then flushed with buffer solution
driven by a syringe pump with flow rate ranging from 0 to 20 mL/hr.
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Phosphatidylserine asymmetry
Vesicles were formed with PS either on the outer or inner leaflet. 30 wt% PS (as a fraction
of total lipid) was added to either the microfluidic oil phase (Figure 2a) or the stationary oil
phase (Figure 2c). The outer leaflet was labeled with biotin-DPPE (15 wt% of total lipid).
Then the vesicles were introduced to the avidin-coated sample chamber. Annexin V solution
was prepared by diluting a stock solution provided by the vendor 10 times in the glucose
solution described above. 25 μL annexin V solution was added into the sample chamber.
The sample was examined 5 minutes after adding the annexin V solution.

RESULTS AND DISCUSSION
Asymmetric giant lipid vesicles were made using a two-step layer-by-layer fabrication
process (see Figure 2). The inner leaflet of the asymmetric GUV membrane was established
in a microfluidic multiphase flow, as shown in Figure 2a. Droplets of aqueous buffer were
formed in a continuous oil phase, which contained dissolved lipid molecules.

The vesicle inner leaflet was formed as a lipid monolayer at the oil-water interface (see inset
of figure 2a). The droplets then moved downstream in the continuous oil stream and fell
through the outlet on the bottom of the device. To stabilize the first leaflet, we kept the
droplets in the same oil/lipid solution used in the microfluidic channel for two hours. During
these two hours, droplet size and number remained constant. The droplets did not merge
even after several hours.

To form the outer leaflet, a second oil-water interface was established in a microcentrifuge
tube. The second lipid monolayer was formed at the interface of a second lipid-oil solution
and a glucose buffer. This second oil phase was heavier that the oil phase used in the
microfluidic channel in order to minimize lipid mixing. This interface was allowed to
stabilize for two hours (see Figure 2c).67 The water droplets were then transferred to this oil/
water interface (see Figure 2d). Then the tube was centrifuged at 200 × g for 2 min to
transfer the water droplets from oil phase to aqueous phase. During the transfer process the
outer leaflets of the giant vesicles are formed. Since the droplets contained sucrose solution
heavier than the glucose solution in the microcentrifuge tube, the vesicles were stationary at
the bottom of the centrifuge tube after centrifugation.

Histograms showing droplet size prior to centrifugation and vesicle size after centrifugation
are shown in Figure 3. It is clear from this figure that the larger droplets (diameters greater
than about 120 μm) do not survive the transfer process, and that the smaller droplets (smaller
than about 20 μm) are either transferred across the interface inefficiently or that they merge
during the transfer process.

Fluorescently labeled lipids show that lipids from both fabrication steps (Figures 2a and 2d)
were incorporated in the final vesicles. Figure 4a shows a vesicle fabricated with labeled
lipid only in microfluidic oil phase; Figure 4e shows a vesicle fabricated with labeled lipid
only in the stationary oil phase. Clearly, lipids from both phases are incorporated in the
vesicle membranes.

Figure 4 also demonstrates vesicle asymmetry in the context of a fluorescence quenching
assay. The resonance transfer quencher QSY7 was added to the solution exterior to the
vesicle until further additions resulted in no further fluorescence changes. Only accessible
Texas red groups were quenched. The asymmetry of the vesicles is clear from Figure 4g.
When both leaflets are labeled, about half of the fluorescence is quenched. When the outer
leaflet contains the label, about 85% of fluorescence is quenched. When the inner leaflet
contains the label, about 15% of fluorescence is quenched. The vesicles are therefore
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asymmetric, though not perfectly asymmetric, with about 15% of lipid transferring from one
leaflet to the other during the fabrication process.

As seen in Figure 4e (indicated by arrow), about 70% of the vesicles show clear punctate
regions of fluorescence heterogeneity. This is likely due to oil inclusions in the bilayer. Oil-
free vesicles can be selected visually.

To demonstrate that a variety of lipids can be targeted to the membrane leaflets as desired,
we introduced biotin-labeled lipids in either the inner or outer leaflet. The small molecule
biotin binds strongly to the protein avidin. Vesicles with biotin on the outer leaflet would be
expected to bind to an avidin-coated surface, while vesicles with biotin on the inner leaflet
would not (see Figure 5). Vesicle binding to avidin-coated glass was evaluated by
introducing vesicles to an avidin-coated surface and then exposing them to an external flow
stream. Figure 6(a–c) shows that a vesicle labeled with biotin on the outer leaflet adhered to
an avidin-coated glass surface; Figure 6(d–f) shows that a vesicle labeled with biotin on the
inner leaflet moved in the flow stream. This experiment was repeated for at least 10 vesicles
of each type. All outer-labeled vesicles were immobile at flow rates up to 20,000 μL/h.
Inner-labeled vesicles were flushed away at an average volumetric flow rate of 143 ± 34 μL/
h. Vesicles with no biotin were flushed away at an average volumetric flow rate of 12 μL/h.
These results indicate that biotin groups are significantly more available for binding when
they are targeted to the outer leaflet, that inner leaflet lipids generally remain on the inside,
and that the vesicles are asymmetric.

To demonstrate that asymmetric vesicles could be made with a natural lipid either on the
inner leaflet or outer leaflet, we performed annexin V binding experiments. Annexin V is
used as a probe to detect cells with PS exposed on the cell surface.68,69 Here, fluorescently
labeled annexin V was used to visualize PS. We would expect to observe annexin V binding
to vesicles with PS on the outer leaflet, while we would not expect to see such binding with
PS on the inner leaflet.

The annexin V binding results are shown in Figure 7. Typical images are shown in Figures
7a and 7b; Figure 7c shows the averaged fluorescent intensity for populations of five
vesicles of each type, prepared in a total of six separate fabrication runs (three of each type).
Vesicles are clearly asymmetric, with PS appearing on the outer leaflet only when it is
specifically targeted there.

To investigate the longevity of these vesicles, TR-DPPE-containing vesicles were stored at 4
°C immediately following centrifugation. Stored vesicles were examined at either 15 hours
or 68 hours following fabrication. Figure 8 shows an example of a vesicle from each of these
samples. Vesicles with large numbers of oil inclusions (Figure 8b) seemed to last longer,
and these vesicles represented almost the entire contents of the 68 hour sample. A vesicle
labeled with TR-DPPE on only the outer leaflet from the 15-hour sample was subjected to
the fluorescence quenching experiment described by Figure 4. Fifty-one percent of the
fluorescence was quenched (compared to 85% quenching for vesicles immediately after
preparation). This indicates that lipid flip-flop has led to equilibration of lipids across the
membrane. This equilibration time frame is consistent with reported phospholipid flip-flop
rates.70

CONCLUSIONS
We have demonstrated a two-step microfluidic route to the fabrication of GUVs with
compositionally asymmetric bilayers. These structures have potential widespread application
in the study of membrane biophysics, including lipid phase separation and membrane
mechanics. They also have the potential to serve as biomimetic membranes for more
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complex artificial cells. This approach also has potential as a general route to encapsulate
arbitrary contents in GUVs; such contents can simply be included in the aqueous phase of
the microfluidic flow.
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Figure 1.
Schematic of the microfluidic channel used for vesicle fabrication. Channels were made in a
two-step photoresist patterning process, facilitating two different channel depths. At the
inlet, the channels are 40 μm wide by 45 μm deep; after the channel junction, they widen to
80 μm wide by 90 μm deep.
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Figure 2.
Fabrication scheme for asymmetric GUVs. (a) Droplets of an aqueous solution were formed
in an immiscible oil stream at a channel junction; lipids in the oil form a monolayer at the
phase interface. (b) Water droplets were dispensed into a vessel. These monolayer-coated
droplets were collected in the same oil phase as that used in the device and were allowed to
stabilize for at least 2 hours. (c) The second monolayer was formed by allowing lipids at an
oil-water interface to stabilize for at least two hours. (d) The water droplets were poured into
a vessel with a lipid monolayer at an oil-water interface. Centrifugation was used to force
the vesicles through the interface, forming the outer leaflet of the bilayer.
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Figure 3.
The effect of centrifugation on droplets as they are transferred to the water subphase as
vesicles. (a) Histogram of droplet size prior to centrifugation. (b) Histogram of vesicle size
after centrifugation. Size measurements were made by hand from phase contrast
micrographs.
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Figure 4.
Fluorescence quenching to demonstrate vesicle asymmetry. The two columns of panels
show representive vesicle confocal fluorescence images before (a, c, e) and after (b, d, f) the
addition of an energy-transfer quenching agent. This experiment was performed for vesicles
with fluorophore only on the inner leaflet (a, b), on both leaflets (c, d), and only on the outer
leaflet (e, f). Average fluorescent intensities before and quenching are plotted in (g) for a set
of three vesicles of each type. The arrow in (e) indicates a spot of elevated fluorescence
likely corresponding to oil retained in the membrane bilayer. Scale bar is 20 μm, and applies
to all images. Error bars are ± one standard deviation.
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Figure 5.
Schematic describing the biotin-avidin binding experiment. (a) Vesicles with biotinylated
lipids on the outer leaflet will be anchored to avidin-coated surfaces. (b) Vesicles with
biotinylated lipids on the inner leaflet will not bind to the avidin layer.
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Figure 6.
Results of a biotin binding experiment. Phase-contract images of a vesicle with biotinylated
lipids on either the outer leaflet (a–c) or on the inner leaflet (d–f). (a–c) and (d–f) each
represent a time series of images as a flow is initiated in the sample chamber. Each image in
a time series represents a 1 s increment. Each scale bar is 20 μm, and applies to all images in
the corresponding time series.
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Figure 7.
Annexin V binds only to vesicles with PS targeted to the outer leaflet (a) A confocal
fluorescence image of annexin V binding to a vesicle containing PS in the outer leaflet. (b)
In a similar confocal image of a vesicle with PS in the inner leaflet, annexin V binding is not
seen. (c) Fluorescent intensity of annexin V bound to vesicles with PS in either the inner or
outer leaflet. Error bars are ± one standard deviation. For vesicles without PS, the
fluorescent intensity was indistinguisible from background.
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Figure 8.
Vesicles images after storage at 4 °C for (a) 15 hours and (b) 68 hours. Scale bars are 20 μm.
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