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We present a micro-device in which more than 10,000 asymmetric lipid bilayer membranes are formed at a
time on micro-chamber arrays. The arrayed asymmetric lipid bilayers, where lipid compositions are
different between the inner and outer leaflets, are formed with high efficiency of over 97% by injecting
several types of liquids into a micro-device that has hydrophilic-in-hydrophobic surfaces. The lipid
compositional asymmetry is an intrinsic property of bio-membranes, and therefore, this micro-device
extends the versatility of artificial lipid-bilayer systems, which were previously limited to symmetric bilayer
formation, and could contribute to the understanding of the role of lipid compositional asymmetry in cell
physiology and also to further analytical and pharmacological applications.

ost biological membranes possess an asymmetric transbilayer phospholipid distribution, in which

endogenous enzymes expend energy to maintain the arrangement by promoting phospholipid trans-

location or flip-flop'. In particular, the plasma membrane of most eukaryotes maintains a high degree of
asymmetry, which controls various cellular functions, such as signal transduction, membrane fusion, and cell
apoptosis®™*. Therefore, extensive studies have been conducted to further understand the role of asymmetric
distribution in cell physiology by developing in vitro platforms to form lipid bilayer membranes with an asym-
metric lipid composition>*~".

In general, an asymmetric lipid bilayer is formed by assembling two independently prepared lipid mono-
layers™® or altering the distribution of specific phospholipids using chemical or mechanical perturbation, e.g., pH
gradient and osmotic pressure?, or using molecules that promote lipid redistribution, e.g., translocase>. Although
these techniques are powerful for qualitative analysis of the effect of asymmetric lipid bilayers on cellular
functions, it remains difficult to perform quantitative analyses because it is technically challenging to prepare
asymmetric lipid bilayers with high reproducibility in a high-throughput manner given the complexity of the
bilayer formation process and the size heterogeneity of the formed bilayer membranes. Thus, many aspects
remain unclear with respect to the physiological role of lipid compositional asymmetry.

Recently, some techniques using micro-fabricated devices, which enable the controlled handling of less than
microliter volumes of fluids, have been developed to create artificial lipid bilayers with a simple procedure®’.
Although these devices can form lipid bilayers with a uniform size in a high-throughput manner, it remains
technically difficult to control the transbilayer distribution of phospholipids because they are based on the
spontaneous assembly of lipid bilayers. In this study, we address this issue by developing a method to indepen-
dently prepare two lipid monolayers in a simple manner and assemble them to form asymmetric lipid bilayers
with uniform size in a high-throughput manner.

Results

Fabrication of micro device. Using conventional soft lithography, we fabricated a micro-device with more than
10,000 through-hole structures (7 fL, @ = 4 pm, and h = 0.5 um) on a carbon-fluorine hydrophobic polymer
(CYTOP, Asahi-glass, Japan) on a hydrophilic glass substrate®'? (Fig. 1). Because the fabrication process was well
established in our previous studies'*"'?, we are able to efficiently fabricate the micro-device, achieving a fabrication
success rate of around 100%°®. The through-hole structures were utilized as micro-chambers, whose orifice is
suitable to mechanically support the lipid membrane because of its hydrophobicity®. Teflon has high
hydrophobicity and has thus frequently been used as a support medium for lipid membranes in previous
studies®. For exchange of the sample solution, a flow channel was constructed from the micro-chamber array
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Figure 1| Micro-chamber arrays for asymmetric lipid bilayer formation.
(a) Fabricated micro-device where the substrate of hydrophilic-in-
hydrophobic structures is assembled with cover glass that has an access
port for sample injection. (b) Bright field image of the through-hole
structures of the carbon-fluorine hydrophobic polymer on a hydrophilic
glass substrate. (c) Ilustration of a fabricated structure (diameter, 4 um;
thickness, 500 nm).

patterned on a glass substrate, a spacer sheet, and a glass block, which
had an access port for sample injection (Fig. 1a).

High throughput formation of asymmetric lipid bilayers. Planar
lipid membranes were formed on the top orifice of the micro-
chambers via sequential injection of liquids from the access port
(Fig. 2a). This technique is similar to the conventional technique
known as the “painting technique”, which forms lipid bilayers by
deposition of lipid solution across a small aperture in a hydrophobic
material'>"’. The experimental procedures developed in this study to
form asymmetric planar lipid bilayers were composed of four steps.
First, an aqueous solution was infused into the flow cell. After the
infusion, micro-chambers were filled with the aqueous solution.
Second, a lipid solution containing 20 pg mL™" lipid (a 1:50:50
(w:w:w) mixture of fluorescein-DHPE, DOPE and DOPG) in
chloroform was infused to flush away the first aqueous solution.
After the flushing, water-in-chloroform droplets were formed
in the individual chambers. The lipid solution used in this
process contained a small amount of lipid, i.e., approximately one
thousandth of that used in conventional procedures to form lipid
bilayers (~10 mg mL™")"*"" but almost the same amount as that
previously employed for lipid monolayer formation at the interface
of water-in-oil droplets (~50 pg mL™')>'°. Therefore, lipid
monolayers but not multilayers were presumably formed at the
interfaces of individual droplets. Third, a second lipid solution
containing 2 mg mL™" lipid (a 1:1 (w:w) mixture of DOPE and
DOPG) in chloroform was infused. Finally, a second aqueous
solution was infused to flush the second lipid solution. In this
process, the hydrocarbon tails of the residual second lipids zipped
with those of the first lipids to form a bilayer membrane. Uniform-
sized planar bilayers with an asymmetric lipid composi-
tion where fluorescein-DHPE was located only in the inner leaflet
of bilayer were accordingly formed on the opened orifice of the
micro-chambers (Fig. 2b), with a formation efficiency of over 97%
(number of chambers sealed with lipid membranes: 10,545 versus
total number of chambers: 10,784, yielding 97.8% efficiency). Here, it
should be noted that in this study, we formed lipid bilayers using
chloroform as a solvent for the lipid, whereas decane or hexadecane
has been used in conventional approaches®. The prominent feature of

our approach is that the lipid membranes spontaneously thin down
to form bilayers without mechanical perturbation, e.g., hydraulic
pressure, which is required for bilayer formation using decane
or hexadecane. This mechanical perturbation is a critical issue
because it breaks more than half of the lipid membranes, thus
resulting in a low efficiency of less than 30% for bilayer formation
in the previous approaches'®. The thinning of the lipid membranes is
driven by drainage of the organic solvent over the hydrophobic
support. Chloroform has higher water solubility than decane
or hexadecane and is thus more easily dissolved in an aqueous
solution, i.e., it is more easily drained over a hydrophobic support,
and thus, our approach does not require any mechanical
perturbation, which contributes to increasing the efficiency of
bilayer formation to over 97%. Bright-field observation showed
circular interference patterns in the individual chambers after lipid
membrane formation (Fig. S1b), whereas a clear circular pattern
was not observed before membrane formation (Fig. Sla). This
interference pattern is a characteristic optical feature of thin lipid
bilayer formation, termed the Plateau-Gibbs border'”'®, which
separates the thin lipid bilayer and the supporting annulus. Thus,
bright-field observation supported the formation of lipid bilayers in
this study. Lipid bilayer formation was further confirmed from the
activity of a membrane transporter, o-hemolysin'® (see below),
which is not functional unless the lipid membrane becomes as thin
as the membrane-spanning structure of o-hemolysin.

FRAP measurement. The planar lipid bilayers formed in this
study were isolated and remained independent of each other, as
confirmed by fluorescence recovery after photobleaching (FRAP).
As mentioned above, the lipid bilayers formed in this study
were composed of fluorescein-DHPE. Thus, fluorescent images
of fluorescein-DHPE-containing lipid bilayers were recorded
with 10-s intervals by confocal microscopy (Fig. 3). Using the
laser scanning system of the confocal microscope, one of the
bilayers was selectively photobleached (Fig. 3). A subsequent
recording of the fluorescence intensity showed that the bleached
bilayer did not recover its original fluorescence, suggesting that
the fluorescein-DHPE did not laterally diffuse between bilayers
within the 700-s observation period (Fig. 3). Thus, the
individual lipid bilayers formed in this study were confirmed to
be isolated from each other, i.e. more than 10,000 lipid bilayers
were formed at a time on our micro-device.

Confirmation of lipid compositional asymmetry. To confirm the
lipid compositional asymmetry between two leaflets, a pH-jump
assay was conducted using fluorescein-DHPE, a pH indicator in
which the fluorescence intensity decreases upon acidification
(Fig. 4a). Initially, micro-chambers and an upper flow channel
were filled with basic buffer (HEPES buffer, pH 8.0). Then, the
buffer in the flow channel was exchanged with acidic buffer (MES
buffer, pH 6.0). Before and after the buffer exchange, the fluorescent
intensity of fluorescein-DHPE was stable (Fig. 4b,c), demonstrating
that the hermetic seal of the micro-chamber with a lipid bilayer
was sufficiently tight to prevent proton leakage, and moreover,
fluorescein-DHPE was not located in the outer leaflets of the
bilayers, which were exposed to the flow channel. Next, we injected
an acidic buffer containing 5 ug mL™' o-hemolysin, a toxic
membrane protein that binds to lipid bilayer membranes and
forms transmembrane nanopores” (@ = 1~2 nm) that have
been used for various biomedical sensors, e.g., nanopore DNA
sequencing®. Because o-hemolysin acts as a transporter only when
the nanopore penetrates the lipid membrane, the transport activity of
a-hemolysin is often used to confirm the formation of a thin
lipid bilayer. Accordingly, it is highly expected that the buffer
encapsulated in the micro-chambers would be exchanged with that
in the flow-channel through nanopores of a-hemolysin if the lipid
membranes formed in this study are thin bilayers. After injection of
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Figure 2 | Formation oflipid bilayer membrane with an asymmetric lipid composition. (a) Schematic illustration of asymmetric lipid bilayer formation.
First, an aqueous solution is injected into the device through an access port. Second, the lipid solution containing fluorescent-labeled lipids (fluorescein-
DHPE) is injected. Third, another lipid solution without fluorescein-DHPE is injected. Finally, a second aqueous solution is injected to flush the

second lipid solution. In these processes, asymmetric lipid bilayers are formed on the orifices of micro-chambers. (b) Fluorescent image of fluorescein-

DHPE composing asymmetric lipid bilayers.

1 |

photo
- bleaching

o
3

intensity

——

Normalized
o

200 400 600
Time (s)

o

Figure 3 | FRAP measurement of fluorescein-DHPE. Representative time
courses of the fluorescent intensity of fluorescein-DHPE-containing lipid
bilayers (gray) and their average (green). The fluorescent intensity was
normalized against that at 0 s. The upper panels show fluorescent images
of fluorescein-DHPE before and after photobleaching.

the acidic buffer containing o-hemolysin, the fluorescence intensity
of the entire membrane uniformly decreased toward that at pH 6
(Fig. 4c), showing that the lipid membranes that formed in this study
were thin enough to functionalize membrane protein activity, and
moreover fluorescein-DHPE was uniformly located on the entire
inner leaflet of bilayers. Thus, the formation of highly asymmetric
bilayers was confirmed in this study.

From the pH-jump assay in the absence of o-hemolysin, we inves-
tigated the stability of the lipid compositional asymmetry over time.
As shown by the gray plot in Fig. 4c, the fluorescence intensity of
fluorescein-DHPE located in the inner leaflet of the bilayer remained
stable for 4,000 s, which shows that flip-flop of fluorescein-DHPE in
the bilayer rarely occurred for 4,000 s.

Flip-flop measurement. Instead of fluorescein-DHPE, we used
NBD-DPPE to form asymmetric lipid bilayers, where NBD-
DPPE is located in the inner leaflet of the bilayer. NBD-DPPE
is a head-group-labelled fluorescent lipid that has been widely
used as a model lipid for flip-flop measurement* > (Fig. 5a).
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Figure 4 | Demonstration of lipid compositional asymmetry in the two leaflets. (a) Fluorescence intensity of fluorescein-DHPE versus pH. (b)

Schematic illustration of pH-jump assay. First, micro-chambers and an upper flow channel are filled with basic buffer (pH 8). Second, the buffer in the
flow channel is exchanged with an acidic buffer (pH 6). Third, the a-hemolysin dissolved in acidic buffer is injected into the flow channel. During these
processes, we measured the fluorescence intensity of fluorescein-DHPE located in the bilayers. (c) Time course of fluorescence intensity of fluorescein-
DHPE in bilayers. Green or grey plots represent the fluorescence intensity in the presence or absence of o-hemolysin after 2000 s. Insets show fluorescent

images of fluorescein-DHPE in the representative micro-chamber.

To visualize the flip-flop of NBD-DPPE, we performed the NBD-
reduction assay using dithionite, which rapidly quenches the
fluorescence of NBD?' (Supplementary Information). Initially,
the micro-chambers and an upper flow channel were filled with
buffer (MOPS buffer, pH 7.0). Then, the buffer in the flow
channel was exchanged with the buffer containing 50 mM
dithionite. Because dithionite does not permeate through lipid
membranes on our system for 7 h (Supplementary Information),
the fluorescence of NBD-DPPE will be quenched only when NBD-
DPPE is exposed to upper flow channel upon flip-flop. After the
buffer exchange, the fluorescent intensity of NBD-DPPE was
gradually and exponentially decreased with a time constant of
41h (Fig. 5b,c), which was similar to previous findings in
liposomes®'. These findings suggest that the fluidity of the lipid
in our device, which affects the flip-flop rate, is almost the same as
that in liposomes.

Discussions
In this study, we succeeded in demonstrating real-time flip-flop
measurement in planar lipid bilayers, which has been difficult in
other membrane systems because of the fast leakage of dithionite,
i.e. dithionite can cross the lipid bilayer within an hour®'. As men-
tioned above, our system achieves tight sealing of lipid bilayers,
which prevents dithionite leakage across the bilayer for seven hours
(Supplementary Information), and therefore, allows us to conduct
real-time monitoring of lipid flip-flop in a single planar lipid mem-
brane by using NBD-labelled phospholipid. Real-time monitoring of
flip-flop in the single lipid membrane may have the versatile uses in
various lipid and membrane protein assays, such as single molecule
analysis of flippase activity, and thus increase the understanding of
the lipid flip-flop mechanism.

We constructed a micro-device for high throughput formation
of asymmetric planar lipid-bilayers in micro-chamber arrays.
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Figure 5 | Flip-flop measurement using NBD-DPPE. (a) Quenching of NBD-DPPE resulting from reduction by dithionite. (b) Schematic illustration of
NBD-reduction assay. First, micro-chambers and an upper flow channel are filled with buffer (pH 7). Second, the buffer in the flow channel is
exchanged with buffer containing 50 mM dithionite. During these processes, we measured the fluorescence intensity of NBD-DPPE located in the
bilayers. (c) Time course of fluorescence intensity of NBD-DPPE in bilayers. Green or grey plots represent the fluorescence intensity in the presence or
absence of 50 mM dithionite after 40 min, respectively. The orange line represents the fitting curve based on a single-order reaction scheme with a time
constant of 4.1 h. Insets show fluorescent images of NBD-DPPE in the representative micro-chamber.

Micro-chamber arrays have recently enabled the development of
highly sensitive and quantitative biological assays, such as single-
molecule enzymatic assays, digital PCR, and digital ELISA®'*47%,
Thus, the micro-device developed in this study has a large variety
of potential applications, including highly sensitive analysis of mem-
brane proteins on asymmetric lipid bilayers, which would enable
further understanding of the role of lipid compositional asymmetry
in the function of membrane proteins, which are optimal pharmaco-

logical targets. Additionally, the high-throughput feature of asym-
metric bilayer formation in our micro-device may enable screening
of pharmacological effects on membrane proteins located in the
asymmetric lipid bilayers in vitro.

Methods

Microfabrication. We fabricated hydrophobic through-hole structures on a
hydrophilic glass substrate using conventional photolithography. A carbon-fluorine
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hydrophobic polymer (CYTOP, Asahi-glass, Japan) was spin-coated on a clean cover
glass (32 mm X 24 mm) at 4,000 rpm for 30 s and then baked for 1 h at 180°C. The
thickness of the CYTOP layer was 0.5 um. Photolithography was conducted using a
positive photoresist (AZP4903, AZ Electronic Materials, Japan) to pattern mask
structures on the CYTOP layer. The resist-patterned substrate was dry-etched with
O, plasma using a reactive ion etching system (RIE-10NR, Samco, Japan) to expose an
array of hydrophilic SiO, on the glass surface. The substrate was then cleaned and
rinsed with acetone and ethanol to remove the photoresist layer remaining on the
substrate. Figure 1 depicts a fabricated device, where the diameter of the CYTOP well
is 4 pm.

Imaging. Fluorescent time-lapse recordings were taken under a confocal microscope
system with a 60X objective lens and photomultiplier tubes (A1R, Nikon, Japan). A
laser was used for the excitation of fluorescein-DHPE (A, = 488 nm). The
fluorescence intensity was recorded through a 60X objective lens with
photomultiplier tubes (Nikon, Japan). Analysis was performed using NIS Elements
software (Nikon, Japan). Bright-field images of lipid membrane formation were taken
under an optical microscope with a 100X objective lens (IX 71, Olympus, Japan).

Photobleaching assay. The flow cell and micro-chambers were filled with buffer A
(50 mM HEPES [pH 8.0]). Using the laser-scanning system of the confocal
microscope, one of the chambers was photobleached for a few seconds. The
fluorescent images of fluorescein-DHPE were recorded at 10-s intervals.

pH-jump assay. The flow cell and microchambers were filled with buffer A. After
lipid membrane formation, the buffer in the flow cell was exchanged to buffer B
(50 mM MES [pH 6.0]). After a certain period had elapsed, the buffer in the flow cell
was exchanged to buffer B containing 5 pg mL ™" o-hemolysin (Sigma Aldrich, USA).
Fluorescence images of fluorescein-DHPE composing lipid bilayers were recorded at
60-s intervals.

NBD-reduction assay. The flow cell and microchambers were filled with buffer C
(500 mM MOPS [pH?7.0]). After lipid membrane formation, the buffer in the flow cell
was exchanged to buffer C containing 50 mM dithionite. Fluorescence images of
NBD-DPPE composing lipid bilayers were recorded at 5-min intervals.
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