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ABSTRACT: Reconstituted supported lipid bilayers (SLB)
are widely used as in vitro cell-surface models because they are
compatible with a variety of surface-based analytical
techniques. However, one of the challenges of using SLBs as
a model of the cell surface is the limited complexity in
membrane composition, including the incorporation of
transmembrane proteins and lipid diversity that may impact
the activity of those proteins. Additionally, it is challenging to
preserve the transmembrane protein native orientation,
function, and mobility in SLBs. Here, we leverage the
interaction between cell plasma membrane vesicles and
polyelectrolyte brushes to create planar bilayers from cell
plasma membrane vesicles that have budded from the cell
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surface. This approach promotes the direct incorporation of membrane proteins and other species into the planar bilayer without
using detergent or reconstitution and preserves membrane constituents. Furthermore, the structure of the polyelectrolyte brush
serves as a cushion between the planar bilayer and rigid supporting surface, limiting the interaction of the cytosolic domains of
membrane proteins with this surface. Single particle tracking was used to analyze the motion of GPI-linked yellow fluorescent
proteins (GPI-YFP) and neon-green fused transmembrane P2X2 receptors (P2X2-neon) and shows that this platform retains
over 75% mobility of multipass transmembrane proteins in its native membrane environment. An enzyme accessibility assay
confirmed that the protein orientation is preserved and results in the extracellular domain facing toward the bulk phase and the
cytosolic side facing the support. Because the platform presented here retains the complexity of the cell plasma membrane and
preserves protein orientation and mobility, it is a better representative mimic of native cell surfaces, which may find many
applications in biological assays aimed at understanding cell membrane phenomena.

1. INTRODUCTION

Mammalian cell membranes are composed of lipids, cholester-
ol, glycans, and proteins. These biological membranes serve as a
selectively permeable barrier that encases the cell cytosolic
components and defines organelles. Proteins embedded in
these membranes are essential for a variety of cellular functions,
such as sensing and interacting with the local environment,’
signaling and communication with other cells,” transporting of
material into and out of compartments, and performing crucial
enzymatic activities.* The structure, function, and activity of
these protein is highly dependent on the local lipid env1ron—
ment and often specific allosteric species being present. 6
Supported lipid bilayers (SLBs) are widely employed as
model systems for investigating the function of membrane
proteins, their dependence on protein—lipid interactions, and
myriad biotechnology applications ranging from biosensing to
bioseparation. Lately, these platforms have become a popular
tool for studies of virus-host interactions,” peptide penetration,”®
and cell membrane phenomena’ because their planar geometry
is compatible with surface-based analytical tools such as variable
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angle epifluorescence microscopy (VAEM), total internal

reflection microscopy (TIRE),"”'* atomic force microscopy
(AFM),">'® and quartz crystal microbalance (QCM)."” For
such studies to provide the maximum insight from experiments,
it is imperative that the SLB be the truest representation of the
entire plasma membrane surface as possible. However, the most
significant challenges of this platform have been incorporating
properly oriented, mobile transmembrane proteins into SLBs
and capturing the complex plasma membrane lipid milieu. The
most prevalent alternative, detergent-based extraction, and
reconstitution method, suffers from the possibility that the
detergent may alter the protein structure and native lipid—
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Figure 1. (A) The strategy for transforming plasma cell membrane vesicles into planar plasma cell membrane bilayer on polyelectrolyte brushes. The
P2X2-neon protein structure is based on P2X4 structure solved by Kawate et al.’® After the bilayer is formed, the polymer continues to swell and
expand (not drawn to scale here). (B) Synthesis of the polymer brushes starting with immobilization of the initiator on the glass slides, and surface
initiated polymerization of PMETAC, as described in more detail in the Materials and Methods section.

protein interactions, and orientations of species are
scrambled."”

To create a closer biomimetic of cell membranes in this
planar geometry, our laboratory has established methods for the
creation of supported, planar bilayers out of plasma cell
membrane vesicles, also referred to as cell blebs, which bud
from the plasma membrane surface. Such blebs are essentially
small biopsies of the intact plasma membrane surface that are
readily generated either by mechanical cell lysis and
centrifu%ation methods'”*° or chemically induced meth-
ods.”'~** However, these methods are not the only ones
available to create biologically complex plasma vesicles and
supported bilayers. In a previous study, Tanaka et al.**
demonstrated the deposition of human erythrocyte membranes
on planar surfaces coated with thin polymer films by using the
human erythrocyte ghosts. Simonsson et al*> employed a
hydrodynamically driven edge of a SLB to rupture an adsorbed
cell membrane vesicle to incorporate membrane species into
the merged SLB. Later, Pace et al.”® demonstrated another way
to incorporate the transmembrane proteins and membrane
species into SLBs by mixing vesicles made from synthetic lipids
(PEGylated lipids and POPC lipids) with cell plasma
membrane vesicles.

We learned early on in our initial studies that cell plasma
membrane vesicles formed by the chemical induction method
typically do not spontaneously rupture to form support planar
bilayers when presented with standard SLB-compatible
surfaces, like glass and silicon, without being stimulated by
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. 7,27
some means. In our previous works,””” we showed that these

types of cell plasma membrane vesicles adsorbed to glass will
rupture into planar sheets during the adsorption and
spontaneous rupture of synthetic “fusogenic” liposomes.
However, while the native orientation of proteins is preserved
using this method of formation, we found that (not
surprisingly) the space beneath the planar supported bilayer
is not enough to accommodate the protein cytosolic parts, thus
they become immobilized in this platform. One approach that
we have used to increase protein mobility in these platforms is
to use PEGylated liposomes to both induce bleb rupture and
provide some space between the glass surface and the lower
leaflet of the planar bilayer to accommodate the proteinaceous
cytosolic extensions. By this approach, we have been able to
achieve ~53% mobility of a 6-pass a helix transmembrane
protein called P2X2.”

While this is among some of the best TMP mobility statistics
for supported bilayers in complex membrane compositions, the
drawbacks still remains that only about half of proteins are
mobile and that the planar bilayer is now “diluted” with extra
lipids from the fusogenic liposomes, resulting in a hybrid
mixture of synthetic and native membranes. Here, we employ a
strategy that leverages the electrostatic interaction between a
tunable-length polyelectrolyte brush, poly([(2-
methacryloyloxy)ethyl]trimethylammonium chloride) (PME-
TAC), and charged plasma cell membrane vesicles to
spontaneously form a biologically complex planar supported
cell membrane without using any synthetic fusogenic lip-
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osomes, while also preserving native protein orientation and
gaining a significantly higher mobile fraction of proteins.

Brief Perspective on Polymer Cushions As Bilayer
Supports. In the pioneering work of McConnell et al.”**’
SLBs were first shown to spontaneously form on solid
substrates (e.g., glass/quartz/silicon) by vesicle fusion resulting
in a thin (~1 nm) lubricating layer of water between the SLB
and supporting surface.”” This limited space is too small to
avoid the interaction between the hard wall and the SLB, thus
making mobile protein integration difficult without introducing
some spacers or cushions. Tethered polymer cushions have
been placed beneath SLBs using various strategies to lift it from
the support while preserving its structural integrity.’"** By
manipulation of charge/hydrophilicity/chemical structure of
the cushioning polymer, plenty of proteins have been
reconstituted successfully with varying levels of mobility and
apparent functionality in these systems.””**~’

With the advance of synthetic chemistry, polymer brushes
featuring dense surface tethering, and consequently an
extended structure, have been used as both cushions and a
functional material.***” For example, functional polymer
brushes can exhibit additional properties like being stimuli-
responsive,”’ antifouling/repellant,*’ and serve as biosensing
materials.*” These properties can also benefit the study of SLBs,
for example, functional polymer brushes have been used as
cushions in recent years leading to the definition of several
design rules for brush cushion properties. Smith et al.** is the
first example of applying polyacrylamide brushes as SLB
cushions and the conclusion of the study suggested that the
optimal condition for SLB quality is a trade-off between
maximizing thickness, which reduces interfacial interaction, and
minimizing roughness of the brushes, which increases defects in
the brush layer. Later, it was shown that, by incorporation of
responsive monomers, either pH/thermal responsive brush
cushions could be used to actively control the height of the SLB
without adversely affecting its mobility.”** On the other hand,
Santonicola et al.* showed that SLB formation was not
successful on zwitterionic poly[2-(N-3-sulfopropyl-N,N-
dimethylammonium)ethyl methacrylate] brushes when the
swollen thickness was higher than 35 nm. These studies
suggested that beyond this thickness, additional driving forces
are needed to rupture the vesicles since the vesicle—glass
interaction is too weak at these distances. Blakeston et al.*®
directly compared the formation of SLB on zwitterionic or
anionic polymer brushes and also concluded that electrostatic
attraction between vesicle and polymer promotes vesicle
rupture. They also showed that for zwitterionic brushes
containing cysteine groups, where the zeta potential was ca.
—10 mV, oppositely charged vesicles could rupture and form
SLBs, retaining some mobility on them. However, no mobility
was observed when vesicles remained unruptured on the
polyelectrolyte brush or when the electrostatic attraction
between SLBs and the polyelectrolyte brush was too strong.

In this work, PMETAC brushes, which are composed of
positively charged monomers, are extremely hydrophilic,"”**
and have been shown to be biocompatible,39’49 are chosen as
polymer cushions for supported bilayers, but uniquely here,
these supported bilayers are not made from reconstituted lipids
and proteins, but directly from cell plasma membrane blebs.
The permanent affiliated positive charges of the polymer induce
rupture of naturally negatively charged cell plasma membrane
vesicles, and the swelling of polymer chains over time creates a
space between the planar bilayer and glass substrate (Figure 1)
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on the order of several hundred nanometers or more. These
PMETAC brush cushions prevent the interaction of extra-
membranous domains of membrane proteins with the glass
support and drastically increase the mobility of transmembrane
proteins expressed in this system.

2. MATERIALS AND METHODS

2.1. Materials. Allylamine, anhydrous toluene, chlorodimethylsi-
lane, hydrazine, hydrochloric acid, inhibitor remover (for removing
hydroquinone and monomethyl ether hydroquinone), magnesium
sulfate, [2-methacryloyloxy)ethyl]trimethylammonium chloride (80%
in water) (METAC), Pt on activated carbon (10 wt %), N,N,N’,N’,N"-
pentamethyldiethylenetriamine (PMDETA), and anhydrous trimethyl-
amine (TEA) were purchased from Sigma-Aldrich and used without
purification unless stated otherwise. METAC was passed through
inhibitor remover to remove the inhibitor before use. Copper tape
(882-L COPPER) with 88.9 ym copper film was from Lamart Co. All
the other solvents were purchased from Fisher Scientific. Cantilevers
were purchased from Applied NanoStructures, Inc. (ACCESS-NC)
and Olympus Corporation (OMCL-TR400PB).

2.2. Synthesis of PMETAC Brushes. First, 2-bromo-2-methyl-N-
allylpropanamide was synthesized by published procedure and used as
a subsequent reactant.”’ Next, hydrosilylation with chlorodimethylsi-
lane was carried out using another literature procedure to obtain
monofunctional ATRP initiator, 2-bromo-2-methyl-N-{3-[chloro-
(dimethyl)silyl]-propyl}propanamide.”"** Glass slides were cleaned
in the solution made of 70% (v/v) H,0O, 15% (v/v) HCI (ACS
reagent, 37%) and 15% H,0, (ACS reagent, 30%) at SO °C for an
hour. Subsequently they were washed repetitively with methanol and
toluene and dried with nitrogen. Moisture was further removed by 10
min 110 °C oven baking. Glass slides were then oxidized using a
Harrick Plasma Cleaner for 7 min. In a glovebox, the glass slides pieces
were immersed in a toluene solution of the initiator (10 mM) and
TEA (0.5 mM) for an hour at room temperature. The substrates were
then removed from the solution and washed with methanol and
toluene sequentially. Initiator-tethered glass slides were then blown
dry under nitrogen gas.

Polymerization was conducted by first preparing the setup as shown
in the literature.”® Glass slide was cut into pieces with the size
corresponding to the initiator-deposited piece. A glass piece was then
coated with copper tape to be the catalyst source. This taped glass
piece was then clamped face-to-face together with initiator-deposited
glass slides by a copper clamp. The distance between the pieces was
separated by Teflon spacer with d = 0.5 mm. The setup was then put
into a solution of 16 mL METAC, 16 mL DI water, 8 mL isopropanol,
288 L PMDETA, and 12 uL hydrazine, and polymerization was
conducted at room temperature for a given time. Afterward, the glass
slides were removed from the solution and rinsed with iced DI water
and isopropanol before being blown dry with nitrogen gas.

2.3. Characterization of PMETAC Brushes. Polymer brushes
were characterized by Asylum MFP-3D atomic force microscopy
(AFM). The thickness of the brushes was determined by comparing
the height with a scratched (polymer removed) area. The dry
topography was characterized with AC tapping mode and silicon
cantilevers (model: ACCESS-NC). The wet topography was
characterized with contact mode with nominal force constant of
0.02 N/m, and the applied force was set below 3 nN to define the
interface. Silicon nitride cantilevers with a gold tip-side coating and a
gold/chromium reflex coating (model: OMCL-TR400PB) were used
for wet topography.

2.4. Cells and Plasmids. BHK cells are widely used for stable
expression of recombinant proteins and the study of biological process.
BHK cells used here were obtained from the American Type Culture
Collection (ATCC) and grown in Dulbecco’s modified Eagle medium
(DMEM) (CellGro) supplemented with 10% fetal bovine serum
(Gibco), 100 U/ml penicillin and 10 pg/mL streptomycin (CellGro),
1% HEPES buffer (CellGro). The pYFP-GPL-N1 plasmid was
generous gift from the Baird/Holowka research group at Cornell
University and used for transfection of BHK cells to express a
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glycophosphatidylinositol (GPI) anchored yellow fluorescent (YFP)
protein. The pINR3-Neon-THR-P2X2 plasmid mentioned in previous
study”’ was the generous gift from the Kawate research group at
Cornell University and generated by using a standard molecular
biology technique to insert a full length mouse P2X2 receptor followed
by a thrombin cleavage site (Gly-Leu-Val-Pro-Arg-Gly) between
BamHI and Xhol in pINR3 vector. BHK cells were used to express this
neon green fused transmembrane P2X2 receptor.

2.5. Preparation of PEGylated Liposomes. 1-Oleoyl-2-
palmitoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-[ methoxy(polyethylene glycol)-
5000] (PEGS000-PE) were used in this experiment. Both are
purchased from Avanti Polar Lipids. In the experiments, 99.5%
POPC 0.5% PEGS000-PE, were used to conduct the experiment. The
lipid mixture was in chloroform, and a stream of nitrogen was used to
evaporate the chloroform solvent gently. To ensure full evaporation,
the lipid films were stored under the vacuum for 3 h to remove the
residual chloroform. To create vesicles, phosphate buffered saline
(PBS) buffer (S mM NaH,PO,, S mM Na,HPO,, 150 mM NaCl at
pH 7.4) was added to the dried films to the concentration of 2 mg/
mL. Single unilamellar liposomes were prepared by extrusion using a
50 nm membrane (Nucleopore Polycarbonate, GE Health) with at
least 15 passes.

2.6. Preparation of Plasma Cell Membrane Vesicles. 9 x 10°
BHK cells were seeded in 10 cm culture dishes (Corning) and grew
for 24 h in a 37 °C, 5% CO, incubator. 18 uL of Turbofect
transfection reagent (ThermoScientific) and 6 ug of DNA plasmid,
pYFP-GPI-N1 or pINR3-Neon-THR-P2X2, were used in the
transfection process for each plate and incubated with BHK cells for
24 hin a 37 °C, 5% CO, incubator. After the transfection process, the
cells were washed with GPMV buffer (2 mM CaCl,, 10 mM HEPES,
150 mM NaCl at pH 7.4). Blebbing solution, 4 mL of GPMV buffer
with 25 mM formaldehyde (FA) and 2 mM dithiothreitol (DTT)
(0.075%FA), was added to induce cell bleb formation and release. The
cells were incubated in the blebbing solution for 2 h at 37 °C. After
incubation for 2 h at 37 °C, cell blebs were settled on ice for 15 min to
separate cell debris and plasma cell membrane vesicles were collected
from the supernatant.

2.7. Characterization Size, Charge, and Concentration of
Cell Plasma Membrane Vesicles. Nanoparticle tracking analysis
(NTA, Nanosight NS300, Malvern) was used to determine the size
and concentration of blebs in the supernatant. Laser Doppler
electrophoresis (Zetasizer Nano ZS, Malvern) was used to measure
the zeta-potential of blebs. For measurement of zeta-potential, cell
plasma membrane vesicles were measured in GPMV buffer.

2.8. Preparation for planar plasma membrane bilayer
formation. Polydimethylsiloxane (PDMS) wells were made with
elastomer/cross-linker mixture of Sylgard 184 (Robert McKeown
Company). A 10:1 (elastomer:cross-linker) mixture of Sylgard 184
was mixed and baked in the oven for 3 h at 78 °C. After curing into
PDMS sheets, wells were punched out with diameters of ~1 cm. These
PDMS wells were attached to the PMETAC brush glass slides. Then,
200 uL of solution containing plasma cell membrane vesicles at
approximately S X 10° blebs/mL was added into the well and
incubated for 50 min. This time was chosen to allow an excess of time
for bilayer formation and polymer swelling. After the plasma
membrane bilayer formed, the well was gently rinsed with GPMV
buffer to remove the excess plasma cell membrane vesicles.

For PEGylated planar plasma membrane bilayer formation, PDMS
wells were attached to the dry clean glass slides (25 X 25 mm No.L.5,
VWR). The glass slides were pretreated by piranha solution (70% (v/
v) H,SO, (BDH) and 30% (v/v) H,O, (Sigma S0 wt %)) for 10 min
and rinsed by flushing DI water 20 min continuously. Then 100 yL of
solution containing blebs at approximately 5 X 10° blebs/mL was
added into the well and incubated for 15 min. After incubation, the
well was rinsed gently with PBS buffer to remove the unattached blebs.
Then, 100 uL of PEGylated liposomes at 2 mg/mL was added into the
well and incubated for 30 min to form the bleb bilayer. After the bleb
bilayer formed, the well was rinsed with PBS buffer again to remove
the excess liposomes.
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2.9. Fluorescence Recovery after Photobleaching (FRAP) for
Bilayer Characterization. In order to verify the formation of the
plasma membrane bilayer, Octadecyl Rhodamine B chloride (R18,
Molecular Probes), a membrane intercalating fluorophore, was used to
label the cell vesicle membranes. In the labeling process, 200 uL cell
membrane vesicle solution was incubated with 1 4L 0.36 mM R18,
dissolved in ethanol, for 1S min in a sonicating bath (VWR).
Nonintegrated R18 was removed by using a G25 spin column (GE
Healthcare) before incubating vesicles in the PDMS well. R18 labeling
allows visual observation of the state of vesicles, as either punctate
fluorescence spots, indicting intact vesicles, or diffuse fluorescence
intensity, indicating rupture has occurred and the fluorophores are able
to freely diffuse in the 2-D plane of the resultant bilayer. After the
bilayers formed (or not), images were recorded by inverted Zeiss Axio
Observer.Z1 microscope with o Plan-Apochromat 20X objectives. R18
also served as a probe for lipid diffusion and mobile fraction by FRAP.
A 20 um diameter spot in bilayer was bleached by 150 mW 561 nm
optically pumped semiconductor laser (Coherent, Inc.) for 200 ms.
The recovery of the bleached spot was monitored for 15 min and the
fluorescence intensity of the spot was determined and normalized in
each image. The data of fluorescence intensity was fit with a Bessel
function following the method of Soumpasis et al.*>* and then the
following equation, D = w*/4t,,,, where w is the full width at half-
maximum of the Gaussian profile of the focused beam, was used to
calculate the diffusion coeflicient.

2.10. Enzyme Accessibility Assays for Characterization of
Protein Orientation in Planar Cell Membrane Bilayer. 300 U/
mL of thrombin (Sigma) was used to examine the accessibility of N-
terminal Neon domain of P2X2-neon and 100 ug/mL Proteinase K
(Ambion) was used to examine the accessibility of YFP domain of
GPI-YFP in the bilayer. For determination of protein orientation in
plasma membrane bilayer, 100 uL of proteinase K or thrombin was
added to the well containing the formed plasma membrane bilayer.
Images were recorded in TIRF mode at a 10 min interval to track the
change in fluorescent signals. As the enzyme cleaves the fluorescent
domain of the proteins, the domain leaves the evanescent field and
results in the loss of fluorescent signals in the bleb bilayer within the
evanescent wave. Fluorescent signals were quantified by particle
counting. The number of fluorescent particles was compared to the
control experiments without adding enzyme.

2.11. Characterization of Motion of Individual Membrane
Proteins by Single Particle Tracking. A variety of methods for
single particle tracking (SPT) have already been reported in previous
literature.>>™>® To enable accurate tracking, all the trajectories were
found and calculated by using the single particle tracking method
previously reported in the literature.”” This method identified the
particle location by their intensity, change of intensity from previous
frame, and displacement from previous frame to find the match for
every trajectory.”” Only particle trajectories that last for at least 20
frames were used in the analysis. A particle that only moves around
inside an immobile fluorescent area between images is regarded as
immobile.”® The single particle tracking algorithm uses the initial slope
of the mean squared displacement (MSD) from the first three time
steps to determine the local homogeneous diffusion coefficient.*”®" To
access and quantify the mobility, we employ moment scaling spectrum
(MSS) analysis reported by previous literature>*** to objectively
quantify the mobility of a particle via a parameter denoted as /. Here,
P describes the type of motion for each particle. # < 0.4 is confined
diffusion; 0.4 < B < 0.6 is quasi-free diffusion; # > 0.6 is convective
diffusion. For thick cushions exceeding the evanescent wave height,
variable angle epifluorescence microscopy (VAEM) was used for
imaging. For other cases, total internal reflection microscopy (TIRF)
was used to track and image the fluorescent protein, either P2X2-neon
or GPI-YFP. The settings and operation of microscope are described
later. All the images were analyzed by using Matlab (Mathworks) and
Image] (NIH).

2.12. Microscope Settings and Operation. VAEM and TIRF
microscopy were also applied to conduct the experiments of protein
orientation and single particle tracking for protein motion on an
inverted Zeiss Axio Observer.Zl1 microscope with an a Plan-
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Figure 2. Topography of PMETAC brushes grafted on glass slides as measured by AFM. (A) Dry topography of “thin brush” with, dg,, = 135.2 +
17.221 nm. (B) Dry topography of “thick brush”, dg,, = 499.2 + 30.654 nm. (C) Wet topography of “thin brush”, d,,. = 367.9 + 14.342 nm. (D) Wet

topography of “thick brush” d

‘wet

= 1.627 % 0.0965 pum. White arrows indicate the position of the scratch. Red stars indicate the location of PMETAC

brush. Each image size is 20 X 20 ym?” with a § um scale bar shown in white. The height profile (red dashed line) distinguishes the bare glass surface

from the polymer brush.

Apochromat 100X objective. 488 and 561 nm wavelength from solid-
state lasers were used to excite the sample. A Laser TIRF 3 slider (Carl
Zeiss, Inc.) was used to control angle. The excitation light was filtered
by Semrock LF488-B-ZHE filter cube and sent to an electron
multiplying CCD camera (ImageEM C9100-13, Hamamatsu).

3. RESULTS AND DISCUSSION

3.1. Characterization of PMETAC Brush. Polymer
brushes were synthesized by surface-initiated Cu(0)-meditated
living radical polymerization on initiator deposited glass slides.
Compared to the traditional atom-transfer radical polymer-
ization technique, this approach has advantages in terms of its
oxygen tolerance, activation rate, and end-group fidelity.”***
PMETAC brushes with different thickness were fabricated by
changing polymerization time and characterized with AFM. It
was found empirically that PMETAC brushes much thinner
than 135 nm (dry) resulted in poor mobility in bilayers, so we
choose to examine thoroughly brushes of two sizes (135 and
500 nm, dry state) in a series of tests to probe the properties of
planar bilayers formed on them. In the following sections, the
thinner PMETAC brushes are named “135 nm PMETAC
brushes” while the thicker brushes were named by “500 nm
PMETAC brushes”. The dry topography of two PMETAC
brushes of these thicknesses are shown in Figure 2A,B. The
thickness was derived by comparing the brush height against a
scratched area where the polymer was removed (Figure 2A,B,
white arrows). In both cases, no defect or surface aggregation of
the polymer was observed and the surface roughness (root-
mean-square value) in the dry state for both thicknesses was
found to be 3.921 + 2.935 nm for the shorter brush and 6.152
+ 0.531 nm for the longer brush.

Wet polymer topography was also measured by AFM in the
same GPMV buffer solution used as the aqueous media for the
planar bilayer formation in the subsequent experiments to
determine the swollen thickness of the cushion that will reside
under the planar bilayer (Figure 2C,D). The wet thicknesses of
the PMETAC brushes were found to be ~3 times higher than
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that of the dry state. However, in the buffer, the surface
roughnesses were similar. For the 135 nm PMETAC brush, it
was 7.045 + 1.643 nm, and for the S00 nm PMETAC brush it
was 7497 + 1.393 nm. The bilayer quality formed on the
brushes will be discussed in later sections.

3.2. Characterization of Cell Plasma Membrane
Vesicles. Nanoparticle tracking analysis was employed to
reveal the concentration, size, and polydispersity of cell plasma
membrane vesicles made by the chemical-induction method.
The concentration of cell membrane vesicles from our
preparation methods was found to range as 5.58 X 10° +
3.02 X 107 particles/mL. The average size of the dominate peak
in the tracking analysis for cell plasma membrane vesicles in
these samples was 163.8 nm +2.5 nm, as shown in the particle
size profile in Figure 3. Although the main peak of particle size
is around 100—200 nm, the sample does contain some
populations around 300 and 500 nm. Laser Doppler electro-
phoresis was used to measure the zeta-potential of the cell
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100 200 300 400 500 600 700 800
particle size (nm)

0

0

Figure 3. Particle size profile for cell plasma membrane vesicles
generated using the chemical induction method.
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Figure 4. (A) A comparison of plain polymer cushion, blebs on plain glass, and blebs ruptured on PMETAC cushion, all at the same imaging
conditions. (Left) The PMETAC brush does not contain any auto fluorescence signal. (Middle) Plasma cell membrane vesicles containing R18
adsorbed on glass slides do not rupture into a bilayer and R18 remains isolated within the vesicles. (Right) For the 500 nm PMETAC brush case,
plasma membrane bilayer formed after incubating with the plasma cell membrane vesicles for SO min shows uniform distribution of fluorescence. (B)
After photobleaching, the recovery of bilayer is observed in the images. Diffusivity and mobile fractions of plasma membrane bilayers on both
cushions, obtained by FRAP. (C) Line scans (taken from red lines in images in B) across the photobleaching spot show the intensity recovery over

time.

plasma membrane vesicles. The zeta-potential of cell plasma
membrane vesicles was around —12 mV in GPMV buffer.
The vesiculation process of forming cell plasma membrane
vesicles involves formaldehyde and DTT and may have an
impact on the composition of the cell plasma membrane
vesicles produced. It is important to note that formaldehyde is a
typical nonspecific cross-linking reagent (at much higher
concentrations than used here; 4% vs 0.075%) and that DTT
may reduce disulfide bonds and palmitoylated cysteines, which
may impact protein phase partitioning”"** Furthermore, the
chemical-induction treatment has been found to alter the
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composition of cell plasma membrane vesicle and phase
behavior, as reported in previous literature.”® Therefore, it is
still unknown to what degree the cell plasma membrane vesicles
generated by chemical-induction possess the full diversity of
membrane species of the original cell plasma membrane.
However, we confirm in later sections that the protein species
we transfect in and are expressed in the plasma membrane of
the cell are captured in the vesicles and wind up in the resulting
planar bilayer, which is the primary objective of using this
technique.

DOI: 10.1021/acs.langmuir.7b02945
Langmuir 2018, 34, 1061-1072


http://dx.doi.org/10.1021/acs.langmuir.7b02945

Langmuir

3.3. Mobility in Supported Plasma Membrane Bilayer.
FRAP was employed to determine the overall lipid fluidity in
the plasma membrane bilayer. R18 that has been incorporated
into the membrane is the reporter for lipid mobility and
formation of bilayer. Cell plasma membrane vesicles labeled
with R18 were incubated in a well on PMETAC brushes or
plain glass slides for 50 min. For vesicles adsorbed on glass
slides with no cushion, the R18 signal remained confined in the
plasma cell membrane vesicles, indicating no bilayer formation
(Figure 4A). For both PMETAC brush lengths, 135 and 500
nm, the R18 was no longer confined in the cell blebs. The
fluorescent images show the R18 spreads out relatively
uniformly within the planar bilayer and supports the notion
that a bilayer has formed (Figure 4A). Furthermore, after the
bilayers were formed, a laser beam was used to bleach a 20 ym
diameter spot in the bilayers. After photobleaching, fluores-
cence recovery from the edges of the spot is a further indication
of planar bilayer formation. The line scans across the
photobleached spots for each cushion type (Figure 4B) indicate
the profile of recovery of intensity over time (Figure 4C). The
recovery of the photobleached spot was analyzed to reveal the
diffusion coefficient and mobile fraction of the bilayer (Figure
4B).

Next, we compare membrane mobility of bilayers supported
on the two lengths of PMETAC brushes and PEGylated lipid
spacers. The bilayer with PEGylated lipid spacers was created
by using PEGylated lipid vesicles®”*® to induce the rupture of
plasma cell membrane vesicles.”” Although the presence of the
PEG spacer beneath the bilayer and its thickness is still debated
and not yet experimentally verified, we assume that the
thickness of the PEGylated spacer was around a couple of
nanometers. By theory of De Gennes® and Marsh,”® we might
expect the globular diameter of a PEG brush to be around 6 nm
at these conditions, thus we refer to the bilayer supported on
PEGylated lipid spacer as “6 nm PEG brush”. The values for
the diffusivity and mobile fractions of the plasma membrane
bilayer for these various conditions, as reported by the R18
probe, are listed in Table 1.

Table 1. Diffusivity and Mobile Fraction of Plasma
Membrane Bilayer on Different Lengths of PMETAC Brush,
As Reported by R18 Membrane Intercalating Fluorophore
by FRAP*

cushion type diffusivity (um?>/s) mobile fraction (%)
glass N/A N/A
6 nm PEG brush 0.30 + 0.03 95 £ 7.0
135 nm PMETAC brush 0262 + 0.12 75 £ 2.5
500 nm PMETAC brush 0.456 + 0.041 93 + 8.0

“The PEGylated bilayer data cited here is from previous literature.””

The bilayer on the 500 nm PMETAC cushion has both
higher diffusivity and mobile fraction compared to the 135 nm
PMETAC cushion. Some possible explanations are that the
length or chain mobility of the PMETAC brushes have an
impact on bilayer formation and quality of final bilayer.
PMETAC is a strong polyelectrolyte brush in this configuration
and it has been shown that the stretchin% extent of a PMETAC
chain is only proportional to its length.”" For thicker brushes
synthesized by “graft-from” method, the chains present on the
swollen surface are only the longer chains, with the number of
them decreasiné with thickness, as the polydispersity increases
proportionally.”*”* Therefore, the swollen surface of the thicker
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brushes may be composed fewer longer chains, which may
enable their higher mobility compared to the thinner brushes.
This higher chain mobility, in turn, may reduce the resistance
for the diffusion of the lipids in the bilager above it. This
postulate is also supported by Tang et al.”* who pointed out
that the higher fluctuation of polymer supports plays a central
role in vesicle rupture and promotes the formation of a bilayer.
On the other hand, lower chain mobility of the thinner
PMETAC brushes may lead to the presence of more
unruptured cell membrane vesicles, which could translate to
barriers to contiguous bilayer formation and lead to immobile
membrane species.

3.4. P2X2-Neon and GPI-YFP Orientation in Planar
Plasma Membrane Bilayer. Here, an established enzyme
accessibility assay was used to identify protein orientations in
planar plasma membrane bilayers.”””*”® In cells, the
fluorescent domain of GPI-YFP is located on the extracellular
side of cell membrane, and the fluorescent domain of P2X2-
neon is located on the cytosolic side of the cell membrane. The
plasma cell membrane vesicles blebbed from cells have already
been shown to preserve these proteins’ orientations in a
previous study.”” Thrombin cleaves the N-terminal neon
domain of P2X2-neon and proteinase K cleaves the YFP
domain of GPI-YFP. We note that the activity of thrombin for
cleaving the same P2X2-neon used here was verified in a
previous study.”” These enzymes were used here to indicate the
GPI-YFP and P2X2-neon orientation in planar plasma
membrane bilayers on  PMETAC cushions.”*~’® Through
these cleavage experiments, the rupture orientation of plasma
membrane vesicles, bottom-up or top-down, can be inferred.

In the assay, the fluorescent signals from GPI-YFP and P2X2-
neon were monitored using variable angle epifluorescence
microscopy instead of TIRF mode, due to the thickness of the
polymer layers extending beyond TIRF range. For variable
angle epifluorescence microscopy, at an oblique incident laser
angle, the light was refracted so that the field of illumination
was still narrow, providing high signal noise ratio for visualizing
single fluorescent proteins within the planar bilayer. Just as in
TIRF mode, as the fluorescent domain of proteins are cleaved
by enzymes, the cleaved portion floats out of the illumination
field, and the fluorescent signals at the bilayer surface decrease.
Images were recorded at 10 min intervals for 30 min when
intensity no longer changed substantially, indicating cleavage
was complete. Typical microscopic images of fluorescent
protein in bilayer are shown as examples in Figure S. Before
the enzyme treatment, either GPI-YFP or P2X2-neon signals
are present (Figure SA,C). After the enzyme treatment for 30
min, most of GPI-YFP signals are gone, but the bilayer still
preserved significant signals from P2X2-neon (Figure SB,D).

Each GPI-YFP or P2X2-neon signal in the images was
tracked and counted to establish the signal loss or constant over
time. As shown in Figure SE,F, control cases were the GPI-YFP
in plasma membrane bilayer without proteinase K treatment
and P2X2-neon in plasma membrane bilayer without thrombin
treatment, where the GPI-YFP and P2X2-neon signals remain
unchanged over time (except for photobleaching). With
proteinase K treatment, the bilayer has prominent drops in
GPI-YFP signals for both PMETAC brushes. However, with
thrombin treatment, the bilayer still maintains the P2X2-neon
signals for both PMETAC brush case (except for some
photobleaching), presumably because the enzyme cannot
access the cleavage site beneath the bilayer. The results indicate
that GPI-YFPs are facing up (outward toward the bulk) and
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Figure 5. Enzyme accessibility assays for protein orientation in bilayer.
The typical VAEM images of fluorescent protein in a bilayer on a 500
nm PMETAC brush are shown as follows: (A) GPI-YFP signals in
bilayer before proteinase K treatment. (B) GPI-YFP signals in bilayer
after 30 min of proteinase K treatment. (C) P2X2-neon signals in
bilayer before thrombin treatment. (D) P2X2-neon signals in bilayer
after 30 min of thrombin treatment. (E) GPI-YFP protein cleavage
over time. At t = 0, Proteinase K was added to the well and cleaved all
the accessible proteins. The signal drops indicate the GPI-YFP in
bilayer was readily accessible (facing toward the bulk) for proteases.
(F) P2X2-neon protein cleavage over time. At ¢t = 0, thrombin was
added to the bilayer to cleave all the accessible proteins. The signals
remain, indicating that the P2X2-neon in bilayer was inaccessible for
proteases (facing toward the polymer support). (G) Cartoon of the
rupture process supported by the cleavage results: cell plasma
membrane vesicles rupture as parachutes.
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P2X2-neons are facing down (that is the neon tag is oriented
facing downward toward the support) in the planar bilayers for
both PMETAC brushes, just as has been shown for these
proteins in PEGylated cushions in a previous study.”’ These
results show that in both PMETAC brush cases, the GPI-YFP
and P2X2-neon protein orientations are maintained as in live
cells. These results imply the cell plasma membrane vesicles
rupture like parachutes®”” on PMETAC, which keeps the
luminal sides downward facing the cushion when the bilayer
forms, and that this rupture mechanism seems to be preserved
regardless of the length of PMETAC brush. (Figure 5G).

In the previous literature,”® however, SLB formation by giant
unilamellar vesicles was also studied and appears to invert the
lipid leaflets (inside facing up toward the bulk aqueous phase).
In this case, one would expect flipped protein orientation
relative to what we observe here. One reason for the difference
in rupture mechanism is that the size of giant unilamellar
vesicles is larger than 1 pum, significantly larger than the cell
plasma membrane vesicles used here, which range from 100 to
500 nm. Furthermore, the substrate used in this work is a
cationic polymer brush, which leads to electrostatic interaction
with the cell plasma membrane vesicles, and may also further
bias the rupture here in the “outside up” parachute-like
orientation, although exactly how this might occur is still
unknown and for future investigation.

Although the enzyme accessibility assay indicates cell plasma
membrane vesicles rupture like parachutes and the orientation
of the exogenously expressed proteins, GPI-YFP and P2X2-
neon, in the resultant planar-supported lipid bilayer on the
positivity-charged PMETAC brush are preserved as in the
intact cell membrane, it is possible that other negatively
charged membrane species could be reorganized and
preferentially Opositioned in the bottom leaflet during the SLB
formation,””®’ as has been observed in other studies. Additional
experiments are required to determine the orientation of other
membrane species (such as negatively charged lipids and
endogenous membrane proteins), to fully characterize the SLB
formation on PMETAC brush.

3.5. Single Particle Tracking of Membrane Protein
Motion. In this study, we investigated the motion of peripheral
glycophospotidylinositol (GPI-linked) protein and a multipass
transmembrane protein (P2X2). The motion of GPI-YFP and
P2X2-neon in bilayers was examined by single particle tracking.
Quantitative protein motion studies by mean squared displace-
ment (MSD) analysis uses the initial slope of first three time
steps to reveal the homogeneous diffusion constant.’”®!
Moment scaling spectrum (MSS) analysis was used to assess
the confinement of GPI-YFP and P2X2-neon in planar
bilayers.*>*>

In single particle tracking analysis, trajectories of single GPI-
YFP and P2X2-neon were found by using a cost-minimized
function to identify the location and intensity and then
optimize the mapping process of GPI-YFP and P2X2-neon
from frame to frame. Some typical tracking trajectories of GPI-
YFP and P2X2-neon are shown in Figure 6.

The diffusion coefficient, mobile fraction, and percent
confinement for each protein type are provided in Table 2,
comparing the various bilayer support systems. The first point
to notice is that the GPI-link proteins on all surfaces (except
plain glass, which do not form bilayers) are all about the same
for each of the three parameters. Because this type of protein is
located on the uppermost leaflet facing the bulk, it is not
surprising that the values are not much impacted by the
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Figure 6. Typical trajectory of GPI-YFP and P2X2-neon in bilayer on 500 nm PMETAC brush. (Left) Full field of view and (middle) inset of first
frame were shown to reveal the start point of fluorescent protein (circled in corresponding colors). The trajectories of fluorescent protein tracked for

15 s are shown to reveal the protein diffusion in the 2D plane.

Table 2. Comparison of GPI-YFP and P2X2-Neon Mobility,
Diffusivity, and Confinement in PEGylated Bilayer on Glass
Slides and Plasma Membrane Bilayer on Different Lengths
of PMETAC Brush

mobility diffusion coeficient confinement
GPL-YFP (%) (um?/s) (%)
PEGylated bilayer ~ 86.3 + S.1 0.680 + 0.236 66.7 + 4.7
135 nm 69.3 + 8.0 0.536 + 0.221 750 + 1.9
PMETAC
500 nm 910 + 4.6 0.671 + 0.253 63.5 + 4.6
PMETAC
mobility diftusion coefficient confinement
P2X2-neon (%) (um?/s) (%)
PEGylated bilayer ~ 49.0 + 8.6 0.343 + 0.137 93.6 £ 2.1
135 nm 61.8 +7.3 0.369 + 0.213 862 + 6.2
PMETAC
500 nm 745 £ 2.5 0.524 + 0.171 74.8 + 5.3
PMETAC

support. Interestingly, this protein type is also suspected to be
located in lipid rafts in cells, and given that the confinement
percentage also does not change among the support systems, it
seems to suggest that the confinement we observe is reflective
of the membrane heterogeneity present in the bilayer and not
an effect of the support.

The situation is different for the P2X2 transmembrane
proteins.”** Here there is a clear trend in increasing diffusivity
coeflicient, mobile fraction, and reduction in confinement as
the cushion thickness increases, suggesting the confinement
observed results in part from the support interactions and that
these are minimized with larger cushions. The P2X2-neon in
bilayers on 500 nm PMETAC brush possesses ~25% more
protein mobility, ~ 34% increase in diffusion coefficient, and
~20% lower protein confinement compared to the PEGylated
bilayer on glass slides (Table 2). It is of particular note that the
PEGylated bilayers are significantly diluted with extra lipids
from the fusogenic vesicles that mix with the plasma membrane
constituents when the bilayer forms, while the bilayers formed
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on PMETAC are from purely plasma membrane blebs, thus the
comparison of diffusion values is not quite fair because the
protein concentration in PEGylated bilayers is more dilute.
However, this feature makes the results on PMETAC cushions
even more significant, when considering there is significantly
more protein in PMETAC bilayers, yet the diffusion is less
hindered and confined compared to the PEGylated bilayers.

The above analysis of the cationic PMETAC brushes
illustrates that these cushions can induce the formation of
bilayers from plasma cell membrane vesicles and preserve the
orientation and mobility of membrane proteins expressed in
them. However, single particle tracking analysis still shows an
immobile fraction of membrane protein in both PMETAC
brush conditions. A possible explanation is the drag/tangling of
the cytosolic portion of the protein interacting with the
PMETAC chain network. Additionally, in a plasma membrane
bilayer, negatively charged domains of proteins and lipids may
stick to the cationic polymer brush electrostatically. The
remaining possibility is that there are defects or unruptured
vesicles present in the surface.

4. CONCLUSIONS

Planar cell plasma membrane bilayers were created from native
cell plasma membrane vesicles by leveraging the electrostatic
interaction between the polyelectrolyte brush and the
oppositely charged membrane vesicles. To our knowledge,
this is the first planar bilayer platform created directly from cell
plasma membrane vesicles, without dilution by any synthetic
liposomes, while demonstrating significantly higher mobility of
integral transmembrane proteins and preserving their native
orientation. Because of these features, this platform represents
the cell plasma membrane surface more closely and may be
advantageous for in vitro models and assays used to study
phenomena in a variety of biological research areas, including
studies of host cell—pathogen interactions, cell—cell organ-
ization in tissue engineering, or the development of abiotic/
biotic interfaces, to name a few.
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