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ABSTRACT: Supported lipid bilayer platforms have been used for
various biological applications. However, the lipid bilayers easily
delaminate and lose their natural structure after being exposed to an
air—water interface. In this study, for the first time, we demonstrated
that physical confinement can be used instead of chemical
modifications to create air-stable membranes. Physical confinement
was generated by the obstacle network induced by a peripheral
enzyme, phospholipase A,. The enzyme and reacted lipids could be
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washed away from the obstacle network, which was detergent-resistant

and strongly bonded to the solid support. On the basis of these properties, the obstacle framework on the solid support was
reusable and lipid bilayers with the desired composition could be refilled and formed in the region confined by the obstacle
framework. The results of fluorescence recovery after photobleaching (FRAP) indicate that the diffusivities of the lipid bilayers
before drying and after rehydration were comparable, indicating the air stability of the physically confined membrane. In addition,
we observed that the obstacles could trap a thin layer of water after the air—water interface passed through the lipid bilayer.
Because the obstacles were demonstrated to be several times higher than a typical lipid membrane on a support, the obstacles
may act as container walls, which can trap water above the lipid membrane. The water layer may have prevented the air—water
interface from directly contacting the lipid membrane and, therefore, buffered the interfacial force, which could cause membrane
delamination. The results suggest the possibility of using physical confinement to create air-stable membranes without changing
local membrane rigidity or covering the membrane with protecting molecules.
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B INTRODUCTION

Supported lipid bilayers (SLBs) have been considered as ideal
biosensor platforms' > and biocompatible coating materials.”*
An SLB can maintain two-dimensional fluidity by retaining a
thin water layer between the solid support and the bilayer,
thereby enabling the membrane-embedded species to move
laterally in the bilayer plane. In addition, the bilayer structure
can maintain the orientation of membrane-associated species to
interact with other biomolecules. Both the fluidity and
orientation are crucial properties for numerous cellular process
interactions to occur. In addition, the zwitterionic property of
the lipid bilayer makes it an ideal antifouling surface, thus
enabling the SLB to become a potentially suitable biocompat-
ible coating material. However, conventional SLBs easily
delaminate after being exposed to an air—water interface.
During the use of numerous bioapplications, the samples are
inevitably exposed to air during transport, or reagent addition
or exchange. Developing methods to form air-stable SLBs is
critical for broadening the applications of SLBs.

The reason for delamination is that the air—water interface in
contact with the lipid bilayer can provide an interfacial force, in
the direction with an angle from the support, to break the
bilayer structure and peel the bilayer from the support. To
overcome the destructive interfacial force, numerous research-
ers have made attempts to increase the lipid membrane rigidity
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by modifying the surface chemistry of the solid support through
the use of chemically modified lipids or by adding protection
layers. The first method involves modifying the solid support
surface by using the tethered cholesteryl group,” zirconium
phosphate,”® y-aminopropylsaline,” "' or negatively charged
poly(dimethylsiloxane) (PDMS)" to provide strong interac-
tions between the supports and the lipid bilayers to overcome
the interfacial peeling force. Another method involves the use
of polymerizable lipids to cross-link the lipid bilayer
structure'>~'* or lipopolymers, lipids with polymers attached
to the head groups, to increase the rigidity and the degree of
hydration of the membrane.'® The other method involves the
addition of biomolecules, such as proteins'®'” and disacchar-
ides,"* ™ to form protection layers above the membrane to
enhance the bending modulus of the membrane and prevent
the lipid bilayer from curling during delamination. Most of
these methods enable the formation of air-stable membranes
with promising stability and recoverable diffusion coeflicients.
However, strongly tethering the lipid membrane to the
modified supports and modifying the lipid’s chemical structure
alters the native environment for certain membrane species,
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t=12 min

Figure 1. Morphology evolution of the obstacle network formation induced by PLA, (3.4 ug/mL) in a 40:40:20 DOPC/DPPC/Chol SLB. The
incorporation of 0.5 mol % Texas-Red DHPE fluorescence lipid dye into the membrane revealed the multiple phases in the SLB.

and the addition of covering layers may cause steric hindrance
and, consequently, block certain possible ligand—receptor
interactions.

We intended to develop an air-stable membrane system
based on a physical confinement mechanism. The major
advantage of using physical confinement instead of increasing
the membrane’s rigidity is that the membrane property and its
accessibility to the outside environment may not require
considerable alteration. Previous studies have reported that
several physical obstacles can appear on SLBs after
phospholipase A, (PLA,) hydrolysis in a multicomponent
SLB system.”*>® PLA, is an enzyme that can hydrolyze
phospholipids in the sn-2 position to form lysophosphocholine
and fatty acid as products. Atomic force microscopy (AFM)
revealed that these obstacles have a crystal-like structure and a
height of 10—20 nm.” Although no direct evidence of the
composition of these crystal-like domains is available, previous
studies have suggested that these obstacles could be composed
of the enzyme’s hydrolysis products.** ¢

Herein, we prove that the lipid bilayers confined by the
physical obstacles produced by PLA, can tolerate the air—water
interface and maintain diffusivity and fluidity after rehydration.
We demonstrated how to form the obstacle network on a solid
support, clean the enzymes and residual lipids, and refill the
desired lipid membranes in the region confined by the
obstacles. The fluorescence recovery after photobleaching
(FRAP) technique was used to examine the membrane fluidity
before drying and after rehydration. In addition, we directly
tracked the movement of the air—water interface by using
bright-field and fluorescence microscopy to reveal the possible
air-stable mechanism.

B EXPERIMENTAL SECTION

Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and cholesterol
(Chol) were purchased from Avanti Polar Lipids (Alabaster, AL).
Texas-Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt (Texas-Red DHPE) was purchased from Life
Technologies (Grand Island, NY). Phospholipase A, (PLA,) from
honey bee venom (Apis mellifera) was purchased from Sigma-Aldrich
(St. Louis, MO).

Preparation of Obstacles Induced by PLA,. The SLB in this
work was formed using the vesicle deposition method. Large
unilamellar vesicles (LUVs) comprising desired compositions were
formed by using the previously introduced method.>® Glass coverslips
were cleaned using argon plasma for 10 min. A poly(dimethylsiloxane)
(PDMS)-made well was rapidly sealed using the cleaned glass to
generate a space to hold solutions above the glass coverslips. The
prepared LUVs in a buffer (10 mM HEPES and 123 mM NaCl, pH =
7.4) were added to the glass area enclosed by the PDMS well. After 10
min of incubation to achieve vesicle deposition, the excessive lipid
vesicles were washed away with deionized water. Subsequently, a Ca-
HEPES buffer (10 mM HEPES, 123 mM NaCl, and 2.5 mM CaCl,,
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pH = 7.4) was used to rinse the entire well to make the bulk solution
environment suitable for the subsequent PLA, reaction.

A PLA, solution was added to the prepared SLBs, and the
concentration of the enzyme was controlled at 3.4 yg/mL (113 nM).
The sample was then incubated for 30 min with the PLA, solution to
form a branch obstacle network. The sample containing branch
obstacles was then immersed in a conical tube filled with a 0.1 M
sodium dodecylsulfate (SDS) solution to wash away the remaining
PLA, on the SLB surface and the lipid bilayers, except for the branch
obstacles. The tube was sonicated for 30 min at 30 °C. After removal
of the sample from the SDS solution, the sample was washed with
water intensively for approximately 2 min. The sample was then passed
through the air—water interface several times to ensure that SDS and
the SLBs, except the branch obstacles, were washed away completely.

Preparation of Refilled Membranes in the Region Confined
by the Obstacle Network. Fresh lipid vesicles (DOPC with 0.5 mol
% Texas-Red DHPE) were added to the cleaned glass slide with the
branch obstacle network. The lipid vesicles were deposited in the
region where no obstacles were present. After 10 min of incubation to
achieve vesicle deposition, the excessive lipid vesicles were washed
away with deionized water.

Dehydration and Rehydration of the SLB. Most of the water in
the PDMS well was removed using a pipet before dehydration. The
sample was then placed in a Petri dish open to the atmosphere for
approximately 1 h to allow the air—water interface moving front to
appear. The phenomenon that occurred near the moving front was
subsequently examined using fluorescence and bright-field microscopy.
The start of the dry state was defined as the time immediately after the
air—water interface just passed through the entire membrane sample.
Water was added to rehydrate the sample at several specified time
points after the dry state started.

Fluorescence Microscopy and FRAP. The lipid bilayer sample
was exposed to a 200 mW DPSS Green Laser Module (Unice,
Taiwan) at 532 nm to photobleach Texas-Red DHPE for 0.1 s. The
bleached spot was a Gaussian profile that was approximately 10 ym in
half-maximum width. The recovery images were taken using an
inverted microscope (Olympus IX81, Olympus, Japan) equipped with
a charge-coupled device camera (ORCA-R2, Hamamatsu, Japan)
under a 20X objective lens (UPLSAPO, Olympus, Japan). The
recovery evolution images were recorded, and the intensity recovery
data inside the region of interest were fitted using MATLAB
(Mathworks, Natick, MA) to calculate the diffusion coefficient of
the SLB. The fitting algorithm was primarily based on the algorithm
developed by Axelrod et al.> Details are provided in the Supporting
Information (SI).

B RESULTS AND DISCUSSION

Formation of an Obstacle Network Induced by PLA,.
Figure 1 shows the obstacle network growth when we applied
PLA, (3.4 pug/mL, 113 nM) to SLBs with a 40:40:20 molar
ratio of DOPC/DPPC/Chol. We incorporated 0.5 mol %
Texas-Red DHPE fluorescence lipid dye into the membrane to
reveal the process of morphology evolution. Before the addition
of PLA,, the preexisting dark domains are probably due to the
phase separation of the liquid-ordered and liquid-disordered
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Figure 2. Procedure used to form SLBs with a desired composition in the region confined by the PLA,-induced obstacle network: (a) situation after
the obstacle network was induced by PLA,; (b) removal of the enzyme and lipid residues by using SDS detergent and water; (c) formation of new
SLBs in the free space by adding lipid vesicles with a desired composition.
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t=30 min

Figure 3. Direct observation of membrane morphology changes when the air—water interface passed through the membrane. (a) Fluorescence
morphology evolution images and schematic illustrations of the SLB (DOPC with 0.5 mol % Texas-Red DHPE) with an obstacle network. (b)
Evolution images and illustration of the SLB without an obstacle network. The red dashed lines indicate the major air—water interface fronts, which
moved from the bottom-left to the upper-right corners of the images. The yellow dashed lines in part a were used to bind the region where part of
the obstacle network still had not been revealed. t = 0 was set at the time when the evolution image series started to be recorded.

phases in the 40:40:20 DOPC/DPPC/Chol membrane at 23
°C, as reported previously.>>*> After the addition of PLA,,
several new dark branch obstacles began to nucleate from
various sites in the SLB, and the obstacle network continued
growing radially from each nucleation site. At the end, the
obstacles growing from various nucleation sites did not
crossover, and the morphology reached a steady state after
the entire region was occupied by the obstacle network.
Cleaning Residues and Refilling New Lipid Mem-
branes in the Region Confined by the Obstacle
Network. After formation of the obstacle network, we
removed PLA, and the reacted lipid membrane from the
sample, so that we can form the new lipid membrane with a
desired composition in the region confined by the obstacle
network. As illustrated in Figure 2, the sample was treated with
0.1 M SDS, and most of the lipid membrane dissolved and was
removed from the support. However, the AFM results (in the
SI) indicated that the obstacle network still remained on the
glass solid support after being washed with detergent and
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contained stepwise plateaus with heights of approximately 12
and 20 nm, which was consistent with the results of previous
studies that have reported that the height of the crystal-like
structure is several times the height of a typical lipid bilayer.””
The new lipid membrane with a desired composition (DOPC
with 0.5 mol % Texas-Red DHPE) was subsequently used to
refill the empty space, which was not covered by the obstacles.
The similar shape and density of the obstacle network before
the detergent wash and after the refill suggests that the obstacle
network can remain on the support during the cleaning
procedure (details in the SI, Figure S1). In addition, we
determined that the branch obstacle can still remain on the
support even after several SDS washes and water rinsing cycles,
suggesting that the framework of the obstacle on the solid
support is reusable.

Using Fluorescence Microscopy To Track the Air—
Water Interface Moving Front. To examine how the lipid
membrane formed in the region confined by the obstacle
network could survive after being exposed to the air—water
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Figure 4. Fluorescence intensity recovery data (blue dots) and the fitted curves (red lines) used to obtain the diffusion coefficients of the SLB
(DOPC with 0.5 mol % Texas-Red DHPE) with an obstacle network (a) before drying, (b) after drying, and (c) after rehydration. The inset
fluorescence images were taken at the time points immediately after photobleaching and at the end of the recording. The white arrows indicate the

locations of the bleached spots.
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Figure S. Illustration of how the obstacle network structure could prevent the air—water interface from directly coming into contact with the lipid
membrane. (a) By not protecting and modifying the SLB, the air—water interface can directly come into contact with the SLB and produce a peel-off
force. (b) The air—water interface front moved from the left to the right of the SLB with the obstacle network, (c) water may be left in the region
confined by the obstacle network, and (d) the remaining water layer on the SLB eventually evaporates from the surface, and no considerable
interfacial force in the peel-off direction can be directly applied to the membrane.

interface, we directly tracked the movement of the air—water
interface during the dehydration process by using fluorescence
microscopy. Figure 3a shows the morphology evolution images
of the fluorescently labeled SLB confined in the obstacle
network upon drying as the air—water interface moved from
the bottom-left to the top-right corners. The SLB with an
obstacle network did not delaminate and maintained its
integrity. Conversely, delamination occurred easily in a typical
fluid SLB sample after it was exposed to the air—water interface,
as shown in Figure 3b. Delamination of the SLB resulted in the
formation of bright lipid debris in the solution, whereas the
solution above the SLB sample confined in the obstacle
network remained transparent and clean. The fluorescence
images suggest that the SLB confined in the obstacle network
remained considerably intact after being exposed to the air—
water interface.

Furthermore, the obstacle network seemed to retain a thin
water layer after the air—water interface passed through the
membrane (Figure 3a; the movie clip of this process is included
in the SI). We defined the air—water interface moving front as
the visible line in the image caused by the substantial change in
light refraction at the water moving front (highlighted by red
dashed lines; original images in the SI). We observed that part
of the obstacle network was not immediately revealed after the
defined air—water interface front had passed, as shown in the
region bounded by the red and yellow dashed lines in Figure
3a. We hypothesized that these unrevealed objects were still
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covered by water because the objects immersed under water or
exposed to air could have considerably different microscope
focusing planes as a result of the distinct light refractive indexes
of air and water. The dark obstacle network was revealed later
most likely because the thin water layer covering the obstacle
network evaporated over time. The partial concealment was
most likely caused by the uneven height of the obstacles, which
caused several obstacles to be covered by water, whereas the
others were already exposed to air. We did not observe the
water retention phenomenon in the SLB without the obstacle
network (Figure 3b). The results suggest that the obstacle
network may be able to buffer the interfacial peeling force by
trapping a thin water layer above the lipid bilayer confined in
the obstacle network.

Using FRAP To Examine the Membrane Integrity
before Drying, after Drying, and after Rehydration. The
FRAP technique involves the use of a laser to bleach fluorescent
molecules in a small region of a sample, and the diffusion
coefficient can be obtained by analyzing the fluorescence
recovery over time in this small region.31 Figure 4 shows the
fluorescence images of the membrane morphology and the
normalized recovery intensity data before drying, after drying,
and after rehydration. The fitted curves indicate that the
diffusion coefficient before dehydration was 1.27 + 0.27 um?/s
and the recovery percentage was 95% (as a reference, the
measured diffusion coefficient of 99.5 mol % DOPC/0.5 mol %
Texas-Red DHPE SLB without an obstacle network was 1.87 +
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0.18 um?/s in this system). After the sample was dehydrated,
the recovery percentage was negligible. After rehydration, the
diffusion coefficient was 1.14 + 0.34 ym?*/s and the recovery
percentage was approximately 95%. The recovery situation can
be observed in the inset fluorescence images, which show the
bleached spot at the beginning of the bleaching process and at
the end of the recording. The comparable measured diffusion
coefficients before dehydration and after rehydration suggest
that the lipid membrane maintained its integrity after it came
into contact with the air—water interface and rehydrated.

We observed that the diffusion coefficients of the rehydrated
bilayers were influenced by the time duration when the bilayers
remained dry. The membrane that was rehydrated after it was
maintained in a dry state for 1 h had almost the same diffusion
coeflicient as that of the membrane before drying. The diffusion
coefficient of the 5-day-dry-state rehydrated membrane became
almost half of the diffusion coeflicient of the 1-h-dry-state
rehydrated membrane (details in the SI). We determined the
start of the dry state at the time immediately after the air—water
interface passed through the entire membrane sample. The
FRAP data shown in Figure 4b were obtained from the sample
approximately 1 h after the dry state started, and the poor
fluorescence recovery supports the theory that the water was
removed because the lipid could no longer laterally diffuse in
the bilayer. These observations suggest that, although the
bilayer can be prevented from being destroyed by the interfacial
force, the bilayer structure may not be stable when exposed to
air for a long time. Degradation of the bilayer structure may be
the limitation of using this method for assays requiring long air-
exposure time. However, this method is still highly useful for
conducting certain bioassays in which air bubbles are inevitably
introduced during the reagent exchange and for applications
that do not require the samples to leave aqueous solutions for a
long time.

Possible Air-Stable Mechanism as a Result of Physical
Confinement. Figure S illustrates the possible air-stable
mechanism of the SLB with the obstacle network. We observed
that a layer of water remained after the air—water interface
passed through the sample and the obstacle network structure
was several times higher than a typical S nm lipid membrane.
On the basis of the observations, we hypothesized that the
obstacles could act as containers to trap water inside the region
confined by them to prevent the air—water interfacial force
from coming into direct contact with the lipid membrane on
the solid support. Typically, without any protection and
modification of the SLB, the air—water interface can directly
come into contact with the SLB and produce a peel-off force, as
shown in Figure Sa. The force component perpendicular to the
solid support could break the interaction between the lipid
bilayer and the solid support, and the force component parallel
to the lipid bilayer could break the van der Waals force between
the lipid molecules. Therefore, an SLB may not be able to
sustain the force and would subsequently delaminate. By
contrast, if the obstacle network has a height higher than that of
the SLB, it could protect the SLB from being directly exposed
to the interfacial force, as illustrated in Figure Sb—d. As the air—
water interface front moves, water may remain in the region
confined by the obstacle network. Although the small amount
of the remaining water layer on the SLB would eventually
evaporate from the surface, no considerable interfacial force in
the peel-off direction would be directly applied to the
membrane. The SLB could preserve both its integrity and
fluidity after being dried and rehydrated.
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Note that the water front moving angle and the distance
between the obstacle branches would determine whether water
can be trapped in the space between the branches. For the case
shown in this study, the distance between the branches in the
obstacle network is at the micrometer scale and the height was
approximately tens of nanometers. For water to be trapped in
the obstacle network, the contact angle must be near 0°, which
is consistent with our observations. We also used a PLA,
concentration that was lower than the typical concentration we
used in order to obtain a sparser obstacle network. When the
sparser network was applied, we observed that several
fluorescently labeled lipid bilayers peeled off and fluorescence
lipid debris was produced in the solution (details in the SI).
This result supports the proposed mechanism in which the
moving front angle and the distance between the obstacle
branches play crucial roles in determining the air stability. We
are currently further exploring the required network density
and moving front velocity criteria for this air-stability
mechanism to robustly work under various conditions.

B CONCLUSION

Creating SLBs that are insensitive to the air—water interface
while the typical membrane properties are maintained is
desirable. Conventional chemical methods can be used to
achieve air stability by increasing the membrane rigidity and,
thus, influence the membrane properties, which could be crucial
for detecting certain biological phenomena. We used the
physical confinement developed in this study to achieve air
stability by trapping a water layer to buffer the air—water
interfacial force, instead of changing the membrane rigidity to
overcome the force. We demonstrated how to form the
obstacle network on a solid support by using an enzyme, PLA,,
to clean the enzymes and residual lipids and to refill the desired
lipid membranes. The FRAP data suggested that the membrane
fluidity and integrity before drying and after rehydration were
similar. In addition, the obstacles seemed to be inert, and the
membrane diffusion coeflicient was similar to that of a typical
SLB. Although the fluid membrane connectivity, which was
larger than the micrometer scale, may have been hindered by
the obstacles, the unaltered local membrane property would be
beneficial for numerous biosensing applications that require
only biomolecule interactions at a length scale that is much
smaller than the micrometer scale.

B ASSOCIATED CONTENT

© Supporting Information

Fluorescence recovery after photobleaching data analysis,
control experiments, some detailed characterizations of a
PLA,-induced obstacle network, and movie clips of Figure
3a,b. This material is available free of charge via the Internet at
http://pubs.acs.org.
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DOPC = 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC =
1,2-dipalmitoyl-sn-glycero-3-phosphocholine; Chol = cholester-
ol; Texas-Red DHPE = 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt; PLA, = phos-
pholipase A,
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