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Abstract
Spatial Manipulation of Model
Membranes for Lipid Raft

Formation and Protein Localization

Yong-Sang Ryu
Department of Electrical and Computer Engineering
The Graduate School

Seoul National University

In cell membranes, reorganization and distribution of membrane
components such as lipids and protein has attracted great attention because
of its scientific importance in cell biology including immunology in terms of
signal trafficking. Especially, dynamic nature of lipids plays an important
role in controlling the concentration profiles of membrane components and
those associated molecules for understanding of membrane deformation,
vesicle budding, and signal transduction. In an effort to understand those
processes systematically, a lipid bilayer system reconstituted on solid

supportshas been a primary route to quantitative analysis on lipid dynamics.



In this thesis, viable approaches to spatial manipulation of model
membrane components into micro-scaled distinct domains on the solid
supports by controlling interfacial interactions, which are investigated from
the view point of fundamental physics and potential applications. The
intrinsic properties such as adhesion force, interfacial energy, elasticity,
spontaneous curvature, electric field, are manipulated by surface micro-
templates to organize the membrane components, and colloidal particles in a

site selective manner for broad applications of the materials at easy.

As one of model systems of soft matters on solid supports in vitro,
fluid lipid bilayers are manipulated to grow in a micrometer-scale, array
format through a vesicle adsorption and rupture process according to the
surface characters of solid supports. The formation of lipid bilayers on various
substrates, so—called supported lipid bilayers (SLBs), has been a primary route
to the fundamental studies of membrane activities as well as the development
of membranes-based biocompatible devices. As a one of the interesting topics
of membrane physics, lipid rafts have been tried to reconstituted in vitro due
to not only their roles on the biological activities, but their distinct physical
characters in the plasma membrane in living cells. Lipid rafts are
sphingolipid- and cholesterol-rich domains of plasma membrane which
contain a variety of signaling and transport proteins. The importance of lipid
raft signaling in the pathogenesis of a variety of conditions, such as
Alzheimer’s, Parkinson’s, prion and cardiovascular disease, systemic lupus
erythematosus and HIV, has been elucidated over recent years and makes
these specific membrane domains an interesting target for pharmacological
approaches in the cure and prevention of these diseases,. As mentioned above,
special type of membrane components, that is, lipid rafts, are known to deeply
related to the vital roles for cardiovascular disease, immune system, apoptosis

and carcinogenesis, and neurological disease. Although their crucial roles in



pathogenesis of a variety of disease, definite roles and even the formative
principles of rafts have not been demonstrate yet.

In the line with elasticity-based approach to the patterned growth of
the raft assembly into spatial regions, geometrically patterned structure induce
loop-like raft domain for the first time in model membrane system. Molecular
shapes of raft domain prefer to locate at the curved surface for release elastic
energy of a patch of membrane which provides lateral diffusions of lipid
molecules without any disruption. Another example of approach to
organization of patterned assemblies of raft on the solid supports is surface
energy-driven construction of raft domains. Author shows binary membrane
morphology, appositional formation of lipid monolayer and bilayer
maintaining fluidity and continuity within a membrane. Stamping the dry
polydimethylsiloxane (S-PDMS) mold on the hydroxylated glass offers
sufficient hydrophobicity for generating lipid monolayer morphologies
surrounded by unstamped lipid bilayer morphologies without any disruptions
and lipid-free regions and consequent introduction of raft component-involved
vesicle lead phase separation into liquid ordered domains on stamped regions.
This morphological character due to continuity of membrane between
monolayer and bilayer regions provides the robust platforms to solve the
fundamental question of lipid rafts. That is, how the raft domain generate
within the membrane. S-PDMS transfer method and additional injection of
secondary vesicle was used for formation of heterogeneous membrane which
involves sphingo lipids and cholesterol at each region. Furthermore, by
reconstructing heterogeneous membrane which force to phase-separating the
Lo domain at expected space, we could observed kinetic of model membrane
into raft real-time by surface plasmon resonance on the Au covered glassy

substrate.
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Another example of approach to the manipulation of lipid molecules
is the electric field-directed diffusion of charged lipids in supported
membranes for spatially addressed microarrays. Field-directed diffusion of
charged phospholipids in supported bilayer membranes into distributed
partitions in a diffusion cell is shown. The balance between the field-induced
drift and the thermal Brownian motion generates the concentration gradient of
the charged lipids from partition to partition under an external electric field
applied longitudinal to the partition walls. The concentration gradient across
the partitions was found to primarily depend on the pore width and the
distance between the pore and the partition wall. This field-directed diffusion
approach provides a powerful tool for constructing various spatially addressed

membrane arrays.

In conclusion, throughout this thesis, the reorganization of signal
molecules on the model membrane has been extensively explored from the
viewpoint of physical studies and device applications. The experimental/
theoretical analysis and several device concepts demonstrated here will
provide a versatile platform for wide range of future applications by broaden
the understandings of the raft domains and by applying as an microarray

combined with raft-recognized proteins.

Keywords: supported lipid bilayers, lipid raft, liquid ordered domain,
cholesterol intercalation, spontaneous curvature, monolayer and bilayer,

charged lipid.
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Figure 3.1 :

488) binding on the NC-PDMS template. a) The SEM image of
NC-PDMS template made of diameter of 25 pm particles
(tn=30min giving the r~500nm). b) Schematic illustrations of the
CTxB protein binding to glycolipid receptor GM1 with highly
affinity. c-e) Distribution of TR (c), CTxB-488 (d), and cross-
sectional view of single bud-pit (¢) when covering the NC-PDMS
template with quaternary mixture
(DOPC:TR:GM1:SPM=65:1:1:33) of cholesterol excluded
membrane. f-h) c-e) Distribution of TR (c), CTxB-488 (d), and
cross-sectional view of single bud-pit (e) when covering the NC-
PDMS template with quintuplicate mixture
(DOPC:TR:GM1:SPM:CHOL=33:1:1:32.5:32.5) membrane to
the NC-PDIMS ..o 40

The schematic illustrations (upper line) and epifluorescence
micrographs (bottom line) indicating the procedure of ‘field
directed diffusion test’. Spatial reconstitution of loop shape Lo
domain before, at t = 0 min (a) and after, at t = 20 min applying
the electric field of 45 V/cm (b) followed by cutting the electric
field for 40 min at t =60 MiN (C)....ceovvvririreiere e 44

Representation of the MBJ. (a) The native plasma membrane
consist of two opposing monolayers of diverse lipids floating the
large family of proteins exhibiting the MBJ. (b) Regulatory signal

events are initiated by approach of signal protein complex.



Figure 3.2 :

Figure 3.3:

Preferential segregation of signal lipids and accompanying
protein sorting at monolayer morphology could occurs with
consequent binding of signal proteins due to the receptor-ligand
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Water vapor test and water drop test at selectively patterned
surfaces showing distinct wettability (a) The Microphotographs
of contact angle of water before (6, = 6°, inset) and after (0, =
80°) stamping of the bulk PDMS at 200°C for 3 min. (b) Transfer
of S-PDMS to half of 2 cm x 2 cm cleaned glass showing distinct
wettability is demonstrated by dropping the water drops on the
boundary between stamped (white rectangle) and unstamped area.
The schematic illustrations of selective transfer process of S-
PDMS on cleaned glass are shown in upper inset. (c) The
schematic picture of micro-patterned PDMS mold to piranha
cleaned glass showing Scanning electron microscopy (SEM;
XL30FEG, Philps) micrograph of PDMS mold (upper inset) and
Atomic force microscopy (AFM; AutoProbe CP, Park Scientific)
micrograph of stamped area (bottom inset). (d) The
microphotograph of water vapor test on 50 um x 50 um separated

by 15 um grid PDMS patterned stamp (the scale bar is 50 um). 53

Direct comparison of binary membrane fabricated with S-PDMS
(top) and S-OTS (bottom) patterned substrate. The phospholipids,

used as a base for the formation of the CBSM cell, were DOPC
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Figure 3.4

(white head group) and TR-DHPE (red head group) mixed with

the ratio of 99:1. The 50 um x 50 pum squares separated by 10

um (a) and 15 um (b) patterned PDMS mold (SEM images are
shown in upper-right insets) were used. Epifluorescence images
and corresponding cross-sectional (white dotted lines) intensities
(yellow lines, 1; for P and O regions and I, for G region,
respectively) of a supported phospholipid binary membrane
formed by vesicle fusion over the S-PDMS (Type I; a) and S-OTS
(Type 1II; b), followed by applying the electric field of 40 V/cm
for 20 min with direct comparison of diffusion conformations
before (left column) and after (middle column). Especially, the
epifluorescence image before scratching is shown at t = 20.
Mechanical Scratching method are performed along the blue
dotted line at t = 20 and consequence micrographic image (t = 30)
in the presence of E-field were shown in inset. (whole scale bars
are 50 um long). Conclusive illustrations of CBMS showing
connective membrane at MBJ (TYPE |, a), while showing lipid-

free gap at boundary of two distinct morphologies (TYPE I, b).

: The combinatorial pattern (P+O pattern) for verifying our
connective property on binary lipid architecture. (a) Schematic
diagram of the additive transfer process (left) for P regions (100-

um-width line and space) and O regions (200-um-width line and
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Figure 3.5 :

Figure 3.6 :

space) in perpendicular direction. Magnified illustration of the
rectangular-grid pattern (black square, left) is represented (right).
b,c) Epifluorescence images of a supported phospholipid binary
membrane formed on combinatorial pattern before (b; t=0) and
after (c; t=20) applying an electric field of 40 V/cm for 20 min.
d,e) Corresponding crossectional intensities on line a-a’ (d) and
line b-b’(e) at the absent (white circle) and present (black circle)

Of @N lECEIIC FIEld. ..ot 60

Selectivity of raft components on surface hydrophobicity. The
various vesicles including different raft components are exposed
to P patterned surface. Lipid mixtures including NBD-CHOL,
SPM, GM1, DOPC with TR-DHPE (a), and without TR-DHPE (b)
were exposed to S-PDMS pre-patterned glass. The SEM image of
PDMS mold was represented (a, inset). Individual raft
components with NBD-SPM (c), with NBD-CHOL (d) were
exposed mixing with TR-DHPE, GM1, DOPC, respectively. (e)
raft component-free mixtures also test. Corresponding cross-
sectional contrast intensities (yellow lines; 1, for P region and I,
for G regions, respectively) along the dotted white lines were

shown in each MIiCrograph.........ccooeviiiiis i 63

Growth of lipid raft by monolayer-bilayer connectivity and
protein binding. (a) FRAP studies on the TR-DHPE molecules on
the P (a.1), G (a.2) and O (a.3) regions bleached with UV light
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Figure 3.7 :

Figure 3.8

(white dotted circle) for 1 min (the scale bar is 50 um). b,c,
Epifluorescence images and corresponding cross-sectional
(yellow dotted lines) intensities as function of time of supported
binary membrane on patterned O region (b) and P region (c)
using heterogeneous membrane (33% SPM, 33% CHOL, 32%
DOPC, 1% GM; , 1% TR-DHPE). d,e), Selective reconstitution
of the CTB-GM; binding process in the Lo domain microarray (d)
after incubation of solution of Alexa Fluor 488-labelled CTB

(CTB-488) for 1 h (e). (the scale bar is 50 um) .........ccccevevenee. 66

A model for hydrophobicity-mediated lipid raft formation. (a)
Possibility of mimicking the Integral monotopic protein (1.M.P)
on the living cell membrane (left; in vivo) by reconstituting
connective model membrane (middle, in vitro) used for protein
arrays for raft proteins (right, in vitro). (b) Plausible mechanism
of raft formation for signal transduction which occurs when a
signaling molecule activates a cell surface reorganization. The
I.M.P plays a signal molecule by approaching and involved in the
one leaflet of membrane. Sequential reorganization of membrane
components, e.g. signal lipids and raft proteins, result in raft

FOIMALION ..t e e e e e ee s 71

: Reconstitution process for CBSM. (a) Glass cleaning with
Piranha solution followed by contacting with periodically

patterned PDMS mold at 200C for 3 min. (b) PDMS mold
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Figure 4.1 :

Figure 4.2

removal. The S-PDMS residues on 50 um x 50 um square areas

standing out 50 um from PDMS stamp transferred into the
cleaned glass. c,d) Vesicle exposure to S-PDMS patterned glass (c)
and self-assembly formation of CBSM (d). Steps c,d are
performed in deionized (DI) water. Crossectional schematic
illustration of CBMS is shown in inset. The geometrical
parameters of CBSM cell are the thickness of the lipid layer (L)
and that of S-PDMS molecules (h). The phospholipids, used as a
base for the formation of the CBSM cell, were DOPC (White
head group) and TXRD-DHPE (Red head group) mixed with the
Fatio OF 9911, ..o 77

hypothetical scenarios of generating principle of raft domains.
The combinatorial way of two constituents could be categorized
into two fashions. (a) Random fashion; the coalescence of
randomly floating individual raft-units and successive growth
into raft domains. (b) Prescribed Fashion; intercalation of a
molecules into counterpart molecule-enrich regions at spatial
position. (b.i) The SPMs intercalate into CHOL-rich region and

(b.ii) the CHOL’s intercalations into SPM-rich regions. ........... 81

microfluidic based heterogeneous membrane arrays. (a)
Representative schematic illustration of bilayer membrane
showing opposing two monolayer, outer-leaflet (O) and inner-

leaflet (1) by injecting vesicle mixture (D291:DOPC=1:99). (b)
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Figure 4.3

Detaching the PDMS mold leaving residual-PDMS (R-PDMS) on
mold contacted regions. Standing bilayer membranes are
surrounded by R-PDMS barriers. (c) The backfilling of secondary
vesicle mixture (TR:DOPC=1:99) on R-PDMS regions
representative monolayer architecture. (d) Membrane mixing
across the membrane only at the O-layer while molecules at |-
layer displaying confined diffusion. (e-f) Microscopic pictures
(top) and schematic illustrations (bottom) of membrane
configuration along the cross-sectional area at each step. Scale

DA, 200 LM..iiiiiieiece e 84

. Lateral diffusion across the distinct membrane. (a) Time-lapse
diffusion characters of the D291 (a.i) and the TR (a.ii) involved
membrane and corresponding fluorescent profiles along the
yellow dotted lines at each time value. The micrographs show that
D291-involved membrane (D291:DOPC=1:99) were firstly
expressed in the form of bilayer and consequently move to
monolayer while secondary expressed TR-involved membrane
(TR:DOPC=1:99) diffuse from monolayer to bilayer. (b) The
FRAP test in distinct membrane morphology representing
diffusion coefficients of 1.06+0.1 um®/s for bilayer (b.i) and 0.375
+ 0.05 um®/s (b.ii) for monolayer at RT, respectively. Note that
the vesicle mixture (TR:DOPC=1:99) on both morphology is

identical. Scale bar, 100 tM......cccveieie e 87
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Figure 4.4

Figure 4.5 :

. Diffusive characters of SPMs and CHOLs on our CBSM.
Molecular structures and diffusion properties of dye-labeled SPM
(33% NBD-SPMs, 66% DOPC, 1 % GM1) and dye-labeled
CHOLs (33% NBD-CHOLs, 66% DOPC, 1 % GM1) involved
membrane. (a) Diffusion coefficient of NBD-SPMs on the
monolayer region (a.i; Dspmmono= 1.75 £ 0.5 umzls) and on
bilayer region (a.ii; Dspmsi = 2.66 + 0.75 um?s) at RT,
respectively. (b) Diffusion coefficient of NBD-CHOLs on the
monolayer region (Dspm-mono= 1.75 + 0.5 um?/s) and on bilayer

region (Dspm.gi= 2.66 + 0.75 umzls) at RT. Scale bar, 50 um..... 90

the intermolecular behavior between two raft components. (a)
Phase behavior by mixture between 1% membrane (33% CHOLs,
65% DOPC, 1% GM1, and 1% TR) and 2" membrane (33%
SPMs, 65% DOPC, 1% GM1, and 1% TR). Green dyed CTB
(CTxB-488) were introduced at t = 36 h. (b)The fluorescent
intensity profiles along the line a-a’(yellow dotted line) as
function of distance. (¢) Schematic illustrations of raft formation
before (t = 0 h) and after (t=36h) membrane mixing across the
membrane. (d) The fluorescent micrographs of distinct membrane
before (t = 0 h) and after (t = 36 h) membrane mixing across the
membrane and protein binding between CTB-GM1. (e)
Fluorescent intensities of TR and CTxB-488 as function of
distance and (f) Schematic illustrations of raft formation before (t

=0 h) and after (t = 36 h) membrane mixing across the membrane
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at RT. Note that the raft domains are formed at SPM-rich

membrane. Scale bar, 50 M. ..o 93

Figure 4.6 : Growth of lipid raft and protein binding. (a-c)Time-lapse phase
separation by formation of raft domains at the boundary and (d,e)
protein binding. The vesicles mixture (33% SPMs, 65% DOPC, 1%
GM1, and 1% TR) were prepared, followed by backfilling the
secondary mixture (33% CHOLs, 65% DOPC, 1% GM1, and 1%
TR). The growth of lipid raft was observed by direct comparison
of micrographs at t=18h (b) and t=36h (c). Diffusive character of
CTxB-488 confirms that the raft domains accumulate at the
boundary of distinct membrane and represented in graph at (f).

Scale bar, 50 LML ..o 95

Figure 4.7 : (a) Schematic diagram of before (t = 0 h) mixing of distinct
membrane that was prepared with the vesicles mixture (33%
SPMs, 65% DOPC, 1% GM1, and 1% TR), followed by
backfilling the secondary raft mixture (32.5% CHOLs, 32.5%
SPMs, 33% DOPC, 1% GM1, and 1% TR). (b) Fluorescent
Microscopic pictures of TR (top; i-iii) and CTxB-488 (bottom; iv-
vi) after mixing membrane constituents (t = 36 h). Expected phase
separation occurs at the SPM membrane-sided boundary (b.ii &
b.v) due to the intercalation of CHOLs from M to B region. The
phase behavior at t=0Oh was shown in inset. (b.iii & b.vi)

Unexpected island-type raft (ITR) domains are observed at
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random location. (c) The schematic illustrations of two type of
raft domains one at boundary and another at SPM-rich (=bilayer)
membrane. (d) Schematic diagram of membrane conformation by
raft mixture (32.5% CHOLs, 32.5% SPMs, 33% DOPC, 1% GML1,
and 1% TR), followed by backfilling the secondary SPM mixture
(33% SPMs, 65% DOPC, 1% GM1, and 1% TR). (e) Microscopic
graphs of TR (top; i-iii) and CTxB-488 (bottom; iv-vi) after
mixing membrane constituents (t = 36 h). Expected phase The
phase behavior at t=0h was shown in inset. (e.iii & e.vi) Random
distribution of ITR domains observed in M region demonstrated
by binding of CTxB-488. (f) lllustration of two type raft domains

both on SPM-rich (=monolayer) membrane. Scale bar, 100 um.97

Figure 5.1 : The schematic representation of the experiment. (a)
Reconstitution of continuous heterogeneous membrane composed
of CHOL-rich and SPM-rich membranes on the prepatterned
substrate. Substrate was prepared by deposition of Au (~50 nm),
followed by the SiO, (~40 nm) for biocompatibility with lipid
molecules. Patterned heterogeneous membrane was achieved
through the channel-guide fluidic system. (b) The SPR analysis
due to membrane phase-separation into Lo domain at the
boundary between two membranes. (c) The Lo domain-marker
proteins (CTxB) are injected on the phase-separated membrane to

verify the ligand-receptor binding event. ...........cccccooevviennene 105
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Figure 5.2

Figure 5.3 :

Figure 5.4 :

Figure 5.5

Diffusive characters on heterogeneous membranes. (a)
Microfluidic based heterogeneous membrane array and mixing
behavior were represented with schematic illustrations (top) and
fluorescence micrographs (bottom). The sequential injections of
1% vesicle mixture (DOPC:TR=99:1) along the fluidic channel,
and 2" vesicles (DOPC 100%) lead bilayer (B) and monolayer
(M) membranes, respectively. (b) The FRAP test on each

monolayer and bilayer membrane is represented. .................... 107

SPR spectra recorded during equilibrium state at a Au-SiO, layer
without (black e) and with (red @) PBS solution. The SPR spectra
of 1% SPM-rich membrane (green V), followed by 2" CHOL-
rich membrane (yellow A) at t=0 h, and phase-separated

membrane (blue m) at t=20 h were represented.............cccoeueee.. 110

The real-time kinetics of membrane reorganization and protein
binding (a) Real time SPR peak behavior as function of time is
represented. Magnified peak behavior during (b) the connective
heterogeneous membrane, (c) the phase-separation of membrane
component, and (d) the protein binding of CTxB are shown with
(e) the fluorescent micrographs at each step. Dotted ellipse

indicates the position where the incident light was exposed.....113

: The comparison of real-time SPR signals of labeled membrane

(SPM:CHOL:DOPC:GM1:TR=33:33:32:1:1)  with label-free
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Figure 5.6 :

Figure 5.7

Figure 5.8 :

membrane (SPM:CHOL:DOPC:GM1=33:33:33:1) both on

patterned Morphology. ........ccceoeriieiiiiiisc e 116

The real-time comparison of raft components involved membrane
(SPM:CHOL:DOPC:GM;=33:33:33:1)  reorganization  with
component-deficient membrane for Lo domain formation. The
SPM-free (CHOL:DOPC:GM;=33:66:1) and the CHOL-free
(SPM:DOPC:GM;=33: 66:1) membrane were used. The CTxB
was incubated at t = 50 h for verifying the existence of Lo domain
as shown in fluorescent micrograph. Dotted ellipse indicates the

position where the incident light was exposed. ............ccccoeveune 118

: The comparison of real-time SPR signals of patterned
heterogeneous membrane (denoted as ‘programmed raft’) with
non-patterned membrane (‘unidomain raft’) were shown with the
reference (PBS with pH. 7.4). The identical membranes

(SPM:CHOL:DOPC:GM1=33:33:33:1) were used in both cases.

Calculation of RI of Lo domain. (a) Peak shift of programmed
and unidomain raft. (b) Fluorescence micrograph showing
programmed raft domain by binding a CTxB-488. Location of Lo
domains are correspond to the distribution of CTxB. Dotted
ellipse indicates the position where the incident light was exposed.
(c) Extracted image with image program (Image J) to investigate

the area fraction of Lo domain against the beam area. ............. 123

XXVi e



Figure 6.1 :

Figure 6.2 :

Figure 6.3 :

Figure 6.4

The basic concept of two-dimensional redistribution of charged
lipids diffused through a pore (W) in the corner of a diffusion cell
into a number of partitions fabricated on a solid substrate: (a) the
top view of a diffusion cell with charged lipids (represented in red)
distributed at random in the membrane under no external field; (b)
a schematic diagram of a diffusion cell showing the redistribution
of charged lipids in the presence of an electric field; (c) a
fluorescence micrograph showing the redistribution of charged
lipids, the Texas Red-DHPEs, in a diffusion cell at the electric
field of E =45 V/em for 20 min. .....c.cooeveiiiiiiincccee 132

Mobility test of fluorescent dye (Texas-red) by (a) FRAP test and

(b) midpoint trajectory method. ...........cccccevveiiiiii e 135

Fluorescence micrographs and fluorescent images with the iso-
contour lines showing the distribution of charged lipids across the
partitions in the membrane for (a) W = 10 um, (b) W = 20 um, (c)
W =40 um, and (d) W = 60 um at E = 45 V/cm for 20 min for
given L = 60 pum. The fluorescence intensity of Texas Red-
DHPEs was shown in (e). The maximum diffusion distance

(MDD) was represented by lo (W). ..ccooereeiniiinine e 138

: Fluorescence micrographs showing the distribution of charged
lipids across the partitions in the membrane for (a) L = 40 um, (b)
L =60 um, and (c) L = 80 um at E = 45 V/cm for 20 min for

given W = 60 pum. The fluorescence intensity of Texas Red-
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Figure 6.5

Figure 6.6 :

DHPEs was shown in (d). The fluorescence intensities measured
in two regions (free diffusion and restricted diffusion in the
partition) above and below the lateral diffusion boundary for W =

60 um and L = 80 were sShown in (€). ......ccoovvvivvivniinenenenn 139

: (@) The micrograph showing the concentration gradients of
charged lipids from one partition to other for L = 40 um and W =
60 wum at the electric field of 45 V/cm for 25 min, (b) the
concentration gradients measured at the lateral diffusion
boundary in the first (P;) and the last (P¢) partitions as a function
the longitudinal distance, (c) the micrograph showing the
confinement of the charged lipids in the corrals with different
concentrations by mechanical scratching after the removal of the
electric field for 1 h, and (d) the fluorescence intensities and the

calculated concentrations of the charged lipids in the corrals from

Effect of self-quenching by frequent exposure to laser source. (a)
time dependent fluorescent quenching of Texas-red dyes and (b)

its representative graphs in time SeqUeNCe. .........ccoccevcveverernens 142
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Chapter 1. Introduction

1.1 Lipid Membranes

1.1.1 Membrane Properties

A cell is a basic unit of living organism that is composed of variety
organelles and molecules. The cell is covered with the plasma membrane that
separates the interior of all cells from the outside environment. The cell
membrane is selectively permeable to ions and specific molecules and
controls the movement of substances in and out of cells. Above all, the
fundamental function of cellular membrane is to protect the cell from its
surroundings. This membrane consists of the lipid bilayer with embedded
proteins in it as shown in Figure 1.1. These molecules play critical roles of
cell life by performing the biological activities such as cell adhesion, cell
signaling, budding, apoptosis and so on. Each lipid molecule is amphiphilic,
consisting of hydrophilic head group and a hydrophobic tail (Figure 1.1b).
Lipid bilayers are formed through the process of self-assembly. The cell
membrane consists primarily of a thin layer of amphipatic phospholipids
which spontaneously arrange with hydrophilic head group and hydrophobic
tail group apart. The head group, polar or even charged, polarizes the small
polar water molecules and is therefore strongly hydrophilic. The fatty acid
tails, however, disrupt the local order of water and are more strongly attracted
by themselves that by water. Therefore, the molecules self-assemble into a
lipid bilayer under physiological conditions as shown in Figure 1.1a. It is
energetically favorable to hide the hydrophobic tails from aqueous
environments. Moreover, the membrane proteins are incorporated within the
lipid bilayer floating in the see of lipids. The orientation of lipid molecules are
intrinsically perpendicular to the plane of membrane keeping their position

standing at outer-leaflet and stand on its head at inner-leaflet of bilayer



morphology, respectively. One of the key features that distinguishes lipid
bilayer from other membranes is lateral fluidity. That is to say, variety of
lipids and proteins floating within the membrane moves here to there without
any order. Thermal diffusion, called Brownian motion [1], is critical reason
for membrane components move molecules to random space. However, the
change of geometry, e.g., bending of the membrane, would provide certain
order of moving direction for membrane components. Not only for bending
membrane based on elastic-energy modification, but also intrusion of
cytoskeleton or integral monotopic protein (1.M.P) [2], even the distributions
of charged molecules can affect the reorganization of membrane components.
Local changes in the physicochemical properties of bilayers, in turn, allow
membrane deformation, and facilitate reorganization of membrane

components.

Plasma Me

3

(b)
Hydrophilic & Polar
Head group

Hydrophobic & Non-polar
Tail group

Figure 1.1 : (a) The plasma membranes of cells and (b) the phospholipids.
The plasma membranes of cells composed of various types of lipids and
membrane proteins. The lipid is amphiphilic molecule which has a

hydrophilic head group, and hydrophaobic fatty acid tails.



1.1.2 Model Membrane on the Solid Supports

The generation of switchable interfaces would give an opportunity
that enables the active control of biofilm formation and macromolecule
adsorption to solid supported lipid membranes. Furthermore, it will allow the
design of new model system to study the heterogeneity of biological
membranes and their dynamics, which play an extraordinary role for many
biochemical and biological processes. As an effort to design the cellular
membrane in vitro, supported lipid membranes (SLBs) [1] have been
intensively studied over the last decade with the aim of mimicking the
physical properties of lipid membrane. Schematic illustration of fabrication
process for SLB membrane is shown in Figure 1.2. The substrate, we majorly
use the glass as a substrate in our experiment, was piranha cleaned to giving
hydrophilic surface by formation of hydroxyl (-OH) group on it. The surface
interactions between the oxide solid supports and bilayer membranes are
controlled by electrostatic, hydration, steric forces and van der Waals [3]. A
subtle balance among these forces determines the Kkinetics of vesicle
adsorption and fusion to the underlying support as well as membrane
spreading across the surface. Lipid bilayers supported on silica substrates
generally maintain about 10 A layer of water [3] between the membrane and
the solid surface. This thin water play a role as a lubricant layer which is
essential for mobile and fluid in the plane of membrane. SLBs are continuous
with mobile components both leaflets freely diffusion over the entire surface
of the surface where the substrate covered with. In order to verify and
estimate the lateral mobility, fluorescence recovery after photobleaching
(FRAP) test [4] has been used. FRAP denote an optical technique capable of
quantifying the two dimensional lateral diffusion of a molecularly thin film
containing fluorescently labeled probes. The typical range of diffusion

constants have been observed in the range of 1-5 um/s? [1].



Vesicle

Figure 1.2 Formation and spreading of lipid bilayer by spontaneous rupture
process from vesicle to supported lipid bilayers (from reference [3]).

Surface patterning of physicochemical properties through a standard
photolithographic methods has been used as a new approaches in material
synthesis [5], sensor microarrays [6], genomics [7], drug screening [8],
proteomics [9]. Extending this strategy to fluidic SLBs membrane functions is
desirable for understanding, emulating, patterning, and exploiting many
functional roles of cellular membranes for fundamental research. Here, micro-
patterned membrane surface will be introduced one by one. First of all, micro
patterning of SLB membrane can be obtained by exposing deep-ultraviolet
(UV) radiation on the membrane [4]. The principle of patterning through UV
is explained that ‘Deep-UV illumination (range of 185 - 254 nm) generates
ozone and other reactive radicals from oxygen. In particular, O, becomes

reactive oxygen atoms under 185 nm wavelength UV exposure, and these
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Figure 1.3 : Direct patterning of void arrays wthin bilayer membranes
using deep-UV photolithography. (a) a schematic illustration of the process
steps. (b) a typical epicluorescence image of the void arrays (100 um x 100
um) obtained using deep UV photolithography within a POPC bilayer
membrane supported on a hydrophilic cover glass. (c) Spatially resolved ATR-
FTIR microscopy spectra in the acyl-chain vibrational mode region (2750-
3050 cm™) corresponding to the UV-illuminated and masked bilayer regions
revealing the presence and absence of the vibrational mode adsorptions due to
methylene and methl groups in lipid molecules. D) Two frames from time-
lapse epifluorescence imaging (t = 0 and t = 9 min) revealing the fluorescence

photobleach recovery for a spot in the vicinity of the void (from reference [4])
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oxygen atoms react with O to form ozone (O;). O itself adsorbs 254nm
wavelength UV light and produces the reactive oxygen atom O (‘D) and
singlet molecular oxygen (‘0. In aqueous environments, a water molecule
can then react with O (*D) and 'O, and form another radical, H,O,. These
radicals chemically degrade and remove lipids with high spatial resolution,
even in a entirely aqueous environment [4]. The schematic diagrams of direct
patterning of void arrays within bilayer membranes using deep-UV

photolithography are shown in Figure 1.3.

Another micro patterning of SLB membrane is membrane transfer by PDMS
mold [10]. Spatially selective (patterned) removal of bilayer material can be
achieved by using a PDMS stamp. Lipid bilayer membrane standing on the
protrusion region of PDMS mold will translocate from mold to target surface.
Bilayer region created by this stamping process keep their fluid and stable
within the patterned surface. It also made the lipid-free region on blotted area

and it can be used as membrane pattering as shown in Figure 1.4.

Conventional photolithography based pattering of metal-grid has
been used as a membrane patterning methods. Using standard lithography
technique, A wide range of materials including metals (Au, Al, Cr, Ti) and
protein grids [11] plays a role as the effective barrier between patterned SLBs
membrane as shown in Figure 1.5. Not only the patterning trough the
lithographic methods, it have found that it is possible to partition fluid-
supported membranes into corralled regions that retain their fluidity using
simple mechanical scratches [3]. Mechanical scratching methods can be
alternative method to create lipid-free region for membrane separating [3, 12].

Vesicle fusion is essentially irreversible. By flowing vesicle suspensions of



Figure 1.4 : patterning Barriers to Lateral Diffusion in Supported Lipid
Bilayer Membranes by Blotting (left) and Stamping (right) (from reference

[10D).

Figure 1.5 : (A) Fluorescence image of corrals of supported membrane (green)
partitioned by a grid of diffusion barriers (red). In this case, barriers were
created by microcontact printing a grid of fibronectin onto a silica surface
followed by membrane deposition. (B) A circular region covering a number of
corrals has been photobleached by selective illumination. (C) After 20 min,
diffusive mixing leads to uniform composition within each corral; the barriers

prevent mixing between separate corrals (from reference [12]).
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different compositions under partial mixing conditions over a pre-patterned
glass surface [11], each micropatterned region will catch whatever
composition is passing by.

As mentioned above, the membrane is composed of thousand species of
lipids molecules. They have distinct characters for each lipid molecule
possessing different tail shape, length (thickness), shape of head group,
polarity, net-charge. Among these properties, polarity and net charged are
thought to be important factor for interaction between protein-protein, protein-
lipids. In particular, charged molecules are known to play critical roles for
biological activities. For example, charged environment, generated by
abundant localization of charged lipids, facilitates efficient introduction of
DNA, RNA or proteins for gene therapy or immunization trials [13].
Intercellular protein modification and trafficking, cell activation, e.g. protein
translocation and deformation, K-channel activation in various concentration,

are deeply associated to the charged environments [14, 15].

In order to estimate the role of environmental importance in plasma
membranes, manipulation of charge lipids on the membrane has been attract
great attentions over the last decade. Paul et al. [1] tried to partition of charged
lipids on SLBs membrane using mechanical scratching methods. Kung et al.
[16] showed strategy for modifying the individual corrals of a membrane
microarray involves a secondary photolithographic step. The micro
partitioned membrane itself is the substrate material for a spatially directed
photochemical transformation that either eliminates functionality or activates
the surface for attachment of some functionally interesting molecule (Figure
1.6a). Hovis and Boxer [17] introduce various concentration of charged
membrane array through membrane transfer by stamping and consequential
filling on membrane uncovered surface as shown in Figure 1.6b. Kam and

Boxer [18] also represented fluidic channel induced variable introduction of



vesicle for concentration gradient of charged components as shown in Figure
1.6¢. A tangential electric field imparts a net force on the charged components
in a fluid membrane, causing them to drift with a characteristic electrophoretic
drift velocity. Due to this drift movement, geometrically well designed walls
(ratchets) [19] demonstrated the charged membrane components could be
manipulated two dimensionally within application of the single field as shown
in Figure 1.6d.
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Figure 1.6 : Methods to manipulate charged lipids on model membrane
system. (a) photolithographic patterning [16] (b) stamping membrane
followed secondary photolithographic step [17] (c) microfluidic flow

patterning [18] (d) membrane ratchet (from reference [19]).
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1.2 Lipid Raft

1.2.1 Role of Lipid Rafts on Cellular Activities

Figure 1.7 shows the history of lipid rafts. Traditionally, it has been
believed that various species of lipids and protein molecules randomly diffuse
within the bilayer membrane. This is similar like the iceberg float in the plane
of cell membranes according to the fluid mosaic model as demonstrated by
Singer and Nicholson (1972) [20]. However, over the past few decades, there
have been growing evidences that there are distinct domains where signaling
molecules compartmentalized into. An early study by Yu et al. (1973) [21]
indicated the existence of detergent-resistant sphingolipid-rich domains

1972 == Homogeneous Fluid Lipid bilayer Singer et al.
1973 = Detergent-resistant sphingolipid- Yu et al.
rich domain
1980 & 1987 —  Asymmetry distribution of lipids Van Meer et al.
1988 & 1990 = Link between sphingolipids and Lisanti et al.

GPI anchored proteins

1994 & 1998 Localization of GPI at sphingolipid- Zurzolo et al. (1994)
rich microdomains Carma & Mayor (1998)

1992 Isolate the domains by detergent Brown & Rose
extraction
2006 Established the term of ‘Raft’ at

Keystone symposium on Lipid Rafts
and Cell Function:

Figure 1.7 : The history of discovery related to lipid rafts

in the plasma membrane. Studies by van Meer et al. (1980) [22], 1987 [23]
and by Lisanti and colleagues (1988) [24] found the asymmetric distribution

of signal molecules and link between sphingolipids and GPI
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(glycosylphosphatidylinositol)-anchored proteins, respectively. And finally,
Brown and Rose (1992) [25] found the method to isolate these domains by
detergent extraction. The emerging observation of floating microdomains in
the plasma membrane established the term ‘raft’. This term recently received
a comprehensive definition at Keystone symposium on Lipid Rafts and Cell
Function: ‘Membrane rafts are small (10-200 nm), heterogeneous, highly
dynamic, sterol- and sphingolipid-enriched domains that compartmentalize
cellular processes...” [26]. The lipid rafts composed of sphingolipids (SPMs)
and cholesterols (CHOLS) giving the liquid ordered domain (L), surrounded
by liquid disordered (L) domains, and raft proteins show heterogeneity and
compartmentalization on the cell membrane attracting great attention due to
its vital roles in many biological functions, including signal transduction [27],
vesicle budding [28], cellular deformation [29], cell apoptosis [30], and

membrane trafficking [31].

Figure 1.8 : The combination of sphingolipids and cholesterols
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Figure 1.9 : (a) Cross sectional illustration of lipid moleculars and (b) height

difference when they assembled into raft cluster (from reference [34]).

One of the most important physical features of the lipid rafts (Lo domain)
other than surrounding lipids domains (Ly domain) are densely packed
properties and consequent high bending rigidity. The major classes of lipids in
the plasma membrane are phospholipids, sphingolipids, and sterols. The
combination of sphingolipids and cholesterols with representative structures
are shown in Figure 1.8. Detailed mechanisms that how SPMs and CHOLSs
interact to generate more densely packed domains are not clearly understood.
Two models have been developed to explain how lipid rafts accumulate and
remain in membrane as a domain. 1* model suggested by Filippov et al [32].

They said ‘Headgroups of sphingolipids interact with each other amide and
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hydroxy/carboxy group, therefore holding sphingolipids together, while
cholesterol fills the space between the bulky sphingolipid headgroups and is
additionally kept in place by hydrogen bonds and van der Waals interactions
between its 3-OH group and the sphingolipid amide groups...’. London and
brown attribute tight assembly in rafts to the interaction of mainly saturated

acyl chains, which also prefer cholesterol packing [33].

Although the principle mechanism is obscure, it is apparent that the
long and fully saturated hydrocarbon chains of sphingolipids and cholesterols
are key components for forming a tightly packed domain. One the other hand,
kink structure at the tail group of phospholipids hinders the interaction with
cholesterol. The kinked structure of the fatty acyl chains of phospholipids
results in a shoter molecular length relative to the straight spingolipids. For
example, a bilayer composed of phosphatidylcholine is 3.5 nm thick, whereas
a bilayer composed of sphingomyelin is 4.6 nm thick [34]. Hence, rafts should
protrude from the background (L4 domain) by ~1 nm as shown in Figure 1.9,
a difference in height that is clearly demonstrated by atomic force microscopy
as shown in Figure 1.10 [35]. This height difference could play a crucial role
for molecular shorting both for lipids and proteins. Lipids have various shape
and length of acyl chains. These hydrophobic chains prefer to assemble to
release the energy generated by height difference of tail group. In this way,
saturated lipids tend to get together, whereas unsaturated lipids independently
diffuse around [36]. Hydrophobic length difference also play a role for protein
sorting as shown in Figure 1.11. The proteins according to their length of

hydrophobic regions tend to localize where the energy loss is minimized.
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Figure 1.10 : Atomic force microscopy (AFM) image of lipid rafts (red
regions) and its schematic diagrams of clustered regions surrounded by L4
domains (from reference [35]).

In this way, proteins may be sorted through height difference of lipid
molecules. Thickness of the lipid molecules is not the only reason for protein
sorting. Shape of hydrophobic regions of proteins also induces localization of
proteins into specific lipid domain. In particular glycosylphosphatidylinositol
(GPI)-anchored proteins prefer to locate at raft domain due to its covalently

attached fatty acid such as palmitates.

This serves to anchor them to locate at the membrane where the
saturated lipids are abundant. According to these characters, raft domains are
thought to function as site for the selective concentration of proteins, acting as
platforms enabling a sufficient quantity of protein to accumulate to enable

their function.
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Figure 1.11 : Lateral sorting of membrane proteins according to the thickness
of lipid membranes (from reference [36]).

Another important structural issue beside the microdomain in membrane is the
curvature of the membrane. Cellular membranes change conformations in
striking ways during such processes as movement, division, the extension of
neuronal arbors and vesicle trafficking. Budding and fission occur with flux
constantly  maintaining the interaction between membrane-bound
compartments. Curvature can be dynamically modulated by changes in lipid
composition, influenced by integral membrane proteins, cytoskeletal proteins
and scaffolding by peripheral membrane proteins, and active helix insertion
into membranes [37] as schematically summarized in Figure 1.12. It is
believed that three types of assembly should be recognized in cell
membranes—rafts, clustered rafts domain, caveolae (a subset of clustered
rafts)- and that the residue remaining insoluble after detergent extraction

should be called detergent-resistant membrane (DRM) fractions [38].
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Figure 1.12 : Mechanisms of membrane deformation. The phospholipid
bilayer can be deformed causing positive or negative membrane curvature. (a)
changes in lipid composition (b) influence of integral membrane proteins that
have intrinsic curvature or have curvature on oligomerization (c) changes in
cytoskeletal polymerization and pulling of tubules by motor proteins (d) direct
and indirect scaffolding of the bilayer (e) active amphipathic helix insertion

into one leaflet of the bilayer (from reference [37])

Due to these intrinsic properties of raft domain, they are believed to play roles
in various physiological phenomena. For example, lipid rafts have been
regarded as the pathogenesis of Alzheimer’s, Parkinson’s, prion and
cardiovascular disease, systemic lupus erythematosus and HIV [39]. But,
exact and clearly relation between these unsolved diseases and raft domains
has been remain to elucidate. Therefore, manipulation of these specific
domains will open a give us an opportunities in medical and biological

science.
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1.2.2 Lipid Rafts on the Solid Supports

To understand the role of rafts in cells, a characterization of their
dynamics is needed. Therefore, the local diffusion of single rafts have been
tried to be controlled in the plasma membrane of living cells both in vivo and
in vitro. For a physical understanding of cell membrane organization,
synthetic lipid bilayers have been studied extensively as model system.
Fluorescence microscopy based model systems have revealed a wealth of
information about organization in lipid bilayers. Incorporated fluorescent
molecules within a patch of membrane are imaged through the fluorescent
microscope. This type of studies includes the imaging of phase separation in
the lipid bilayers containing the sphingolipids and cholesterols. Manipulating
the portion of key components, sphingolipids and cholesterols and
phospholipids, lead phase separation of lipid molecules on the solid supports
[35]. Although these methods demonstrate the existence of densely packed L,
domain, the shape and periodicity of raft domains cannot be controlled by
showing random distributions in the shape of isolated island. Recently, the
selective reconstitution of micrometer-scale L, domain has been demonstrated
in model membranes by adjusting the curvature of membrane [40] as shown
in Fig. 1.2.2a. An elastic energy of membrane could reorganize membrane
components and consequent phase separation of Lo domain by coupling
between local curvature and topological character of solid supports. This
indicates that the coupling between local curvature and microdomains in
membranes could be important machinery for signaling events on the basis of
curvature-mediated elasticity of membrane. With similar concepts, curvature-
mediated raft formations on the SLBs systems [41, 42] were shown and these
observations helps and adds the information for understanding physiological

roles of raft domains in the real cell.

17 r]


javascript:endicAutoLink('periodicity');

Phaspholipid with unsaturated
hydrocarbon chains

Sphingolipid
0 Cholesterol

Figure 1.13 : The topographic wall produces elastic energy barriers at two
edges. The coarsening process of nanorafts is restricted by the elastic energy
barriers (from reference [40]).
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1.3 Outline of Thesis

This thesis consists of 7 chapters from Introduction to Concluding
Remarks. In Chapter 1, the general overview for describing the properties of
lipid membrane, especially focused on the supported lipid bilayers as an
artificial membrane and micro-patterning of cell components, is introduced.
Among the various characters of lipid membrane, lipid rafts, as one of typical
signal molecules that composed of SPMs and CHOLSs, and their interaction
with solid supports are overviewed in the physicochemical view. As an
another typical molecules which deeply related to signaling process,
importance and photolithograpy based membrane patterning of charge lipids
introduced as well. In Chapter 2, the elasticity-based structural organization
of artificial lipid membranes will be discussed in the view point of the
scientific studies and device application. The concept of curvature-driven
membrane reorganization of lipid molecules on biomimetic bud-pits template
will be exploited with the experiments of raft domain at the corner of bud-
neck regions. Moreover, site selective ligand-receptor binding events on the
raft domain with marker proteins are will be discussed for biosensor
applications. Chapter 3 presents the binary membrane morphology,
appositional formation of lipid monolayer and bilayer maintaining fluidity and
continuity within a membrane. Stamping the dry polydimethylsiloxane (S-
PDMS) mold on the hydroxylated glass offers sufficient hydrophobicity for
generating lipid monolayer morphologies surrounded by unstamped lipid
bilayer morphologies without any disruptions and lipid-free regions. Author
will try to investigate the reason of the preferential localization of the signal
lipids into ‘weak’ hydrophobic regions, and consequently generation of raft
domains in the physical point of view. In Chapter 4, we will deal with the
formative hypotheses of raft domain which has not been demonstrated clearly

till now. Although it is obvious that combination of signal molecules, SPMs



and CHOLSs, is essential for generation of raft domain, not any groups directly
observe the correlation between SPMs and CHOLs. Especially how the key
components combine and how they cluster into micro domains is unclear
since 1972. Author will discuss the plausible mechanism of raft generation at
the viewpoint of molecular level and demonstrate the hypotheses by
experimental observation. Author found the evidence of CHOL intercalation
in raft formation for the first time and demonstrate it with our in vitro model
membrane system. In Chapter 5, we will probe the real-time membrane
formation and reconstitution of Lo domains within a fluid membrane for the
first time by means of time-lapse epifluorescence microscopy coupled to the
SPR microscopy. The unigqueness of this combinatorial spectroscopic
technique is that it allows to monitor the structural parameters of raft domains
such as packing density, refractive index (RI) of raft domains within the lipid
bilayer both kinetic state and equilibrium mode. Distinguished from other
sensing techniques of membrane bounded SPR devices, our systematic
conformations of heterogeneous membrane force the Lo domains to aggregate
at programmed position which enable the observations of phase-kinetics
during raft formations. In Chapter 6, the field-directed diffusion of charged
phospholipids in supported bilayer membranes into distributed partitions will
be discussed within a diffusion cell. The balance between the field-induced
drift and the thermal Brownian motion generates the concentration gradient of
the charged lipids from partition to partition under an external electric field
applied longitudinal to the partition walls. Our field-directed diffusion
approach provides a powerful tool for constructing various spatially addressed

membrane arrays.

Through the manipulation of signal molecules, our model membrane based
approaches will provide a robust platform not only for understanding

biological activities, but for designing highly sensitive patterned membrane
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arrays which could be applicable to DNA, RNA or proteins for gene therapy
or protein arrays. Finally, some concluding remarks are made in Chapter 7.

21 "':I'H-_E _'k.:: 5



Chapter 2. Reconstitution of Ring-raft on
Mimicking Biological Bud-neck

2.1 Introduction

The geometrical shape and spatial distribution of the phase-separated
domains, generated by heterogeneity-dictated compartmentalization
membrane constituents, are believed to determine the diverse biological
phenomena such as signal transduction [38], cellular deformation [28-30],
viral infection [43], and membrane trafficking [44]. Among them, lipid rafts,
called liquid-ordered (Lo) domains with compaction of CHOLs and SPMs
possessing negative spontaneous curvature, exhibit distinct physical properties
[45]. In the course of diverse biological activities associated with the plasma
membrane where variety of lipids and membrane proteins are self-assembled
in bilayer morphology, the plasma membrane-driven deformation such as
bud-off mechanism (Figure 2.1a, cases I-1V) accompanying the bud-neck
architecture (step I1) is indispensable. However, within the framework of the
lipid raft-associated membrane deformation, the compositional heterogeneity
and spatial localization at the highly curved bud-neck region, name ‘ring-rafts’
[30], have not been explored and demonstrated in vitro for understanding the
role of raft domains in bud-off mechanism such as budding [30],
exo/endocytosis [46], fission [36]. A few groups [43, 47-50] have been tried to
figure out the lipid trafficking and molecular reorganization when lipid-driven
membrane deformation occurs. For example, how the spatial organization of
lipids and proteins is established and how it fluctuated in response to external
stimuli by focusing the insight at their geometrical properties in terms of
spontaneous curvature (co). However, raft-dictated mechanical elucidations

and observations between ‘ring-rafts’ and pinch-off mechanism remain to be



the central question for the secretory and endocytic pathways [38] since
Huttner at el. [30] have assumed the existence of ‘ring-raft’ sitting on either
side of a bud-neck. The nano-scaled and transient appearance during the bud-
off process have ring-rafts as mysterious creature.

Here, we have investigate the effects of the spatial local curvatures on
the formation and stability of raft domain, ring-rafts [30], and sequential
protein recognitions in model membrane on the biomimetic bud-neck
architectures for the first time by means of time-lapse epifluorescence
microscopy coupled to the confocal microscopy. Our concept lies primarily in
elasticity driven-molecular reorganizations of Lo domains surrounded by
liquid-disordered (Ly) domains. The molecular shape [40, 51-53] helps to
release the increase of the elastic energy of membrane by transporting
membrane molecules. That is, cylindrical-shape lipids prefer to locate at
planar membrane surface where spontaneous curvature (co) is zero (¢, = 0),
and cone-shape lipids reorganize into negatively curved membrane structure
(co < 0) while the inverted cone-shape molecules prefer to locate positive
curved area (co > 0). The Lo domains, giving the negatively curved surface
(cLo = —1/53 A ™) [52], might be one of the presumable subjects by migrating
themselves at the corner of highly curved bud-neck architecture as shown in
Figure 2.1b and c.
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Figure 2.1 : Formation of raft domains at the NC-membranes giving
nanometer scale spontaneous curvature (c,=1/r). (a) Schematic diagrams of
progressive budding steps (cases I~IV) from bilayer membranes (b) Closed
loop-like raft domains locating at negatively curved (c,< 0) bud-neck regions
giving highly curved (r ~ 100 nm) membrane architecture. (c) Preferential
phase-separation domain at the outer leaflet of bilayers due to molecular

shape based reorganization process.
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2.2 Membrane Formation on Bud-Neck Template

2.2.1 Bud-neck Templates

we have investigate the reorganization of the spatial raft domains on
the formation of closed loop “ring rafts” [30] and sequential protein
recognitions in model lipid bilayers for the first time. The solid support
provides geometrical characters having bud pits like positively curved
surfaces (co> 0) and planar surfaces (co= 0). Negatively NC-bud-neck (cy< 0)
regions are achieved at the boundary between positively curved and planar
surfaces for mimicking the budding process (Figure 2.1a, Case I11) of living
cell as shown in Figure 2.1. For the viable reconstruction gives geometrical
properties of living cell membrane in the shape of bud pits, solid supports
should be made with single material for identical physicochemical properties
such as surface interaction, adhesion strength between membrane and solid
supports except for the geometrical constraint. Since time-lapse
reorganization on solid supports is one of our key concepts of our in vitro
membrane system, solid supports should be biocompatible for lipid membrane.
Moreover, Fabrication of solid supports showing geometry in nanoscale is
critical requirement for reconstitution of closed loop type raft domains after
coverage of membrane allowing the lateral diffusion of membrane
components on the supports. The polydimethylsiloxane (PDMS) is the ideal
choice by fulfilling all the conditions mentioned above. The PDMS is a well-
known elastomer which has unique advantages. In particular, it has good
biocompatibility, high oxidative and thermal stability, optical transparency
[54]. Moreover, it has long history as a well characterized material used to
replicate micron to nanoscle structures in the field of soft lithography. The

negatively nanocurved- (NC-) structure is achieved by melting process of the
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dimensional (3-D) NC-PDMS template and systematic control of NC-surface.
a,b) Polystyrene (PS) colloidal particles were assembled onto the periodically
patterned SU-8 template through a convective assembly process® followed
by transfer process on to the planar PDMS template (c) and subsequent
exposure to hotplate (d) to obtain NC-topography. e,f) The UV curable
polymer (NOAG5) was spun onto melted colloidal particles followed by
covered with the cover glass and exposed to UV for 2 min (e). After peeling
from PDMS and removal of PS particle (f) from Noa 65 template, PDMS was
poured and cured followed by NOAG65 template removal process in the
solution (dichlorometane:methanol=100:15) and consequent construction of

NC-PDMS template (g).
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colloidal particle and sequentially replaced by PDMS. Fabrication process of
nanocurved-PDMS (NC-PDMS) will be explained below. After preparing the
NC-PDMS, the lipid bilayer structure on the NC-PDMS template is obtained
by plasma treatment to make the PDMS surface hydrophilic to keep
membrane molecules fluid which is key character that distinguish SLBs from
other films [55, 56]. Various compositions of membrane components on NC-
PDMS template demonstrate phase-separating of L, domains at the NC-
surfaces (co < 0) surrounded by liquid disordered (L4) phase on positively
curved surfaces (co > 0) and planar surfaces (c, = 0). These studies will
demonstrate the curvature-dictated assembly of raft domain into shape of 3-D

closed loops and protein-bindings on continuous membranes.

Our method to fabricate NC-PDMS is shown in Figure 2.2 in detail.
Briefly, the polystyrene (PS) colloidal particles were assembled onto the
periodically patterned SU-8 template (Figure 2.2a & b) through a convective
assembly process [57] followed by transfer process onto the planar PDMS
template (Figure 2.2c). Subsequently, transferred PS particles are melted on
the hotplate [58] (Figure 2.2d) to obtain the NC-topography. The ultra violet
(UV) curable polymer (NOAG5) was spun onto the melted colloidal particles
followed by covered with the cover glass and exposed to UV for 2 min
(Figure 2.2e). After peeling the planar PDMS template from cover glass, the
melted PS particles involved in NOA template removed by immerging at
toluene solution for 1 min (Figure 2.2f). The elastomeric material, Sylgard
184 silicone elastomer (Dow Corning Corp.) mixed with curing agent in a
10:1 ratio, was poured onto hollowed balls to fill the space with PDMS and
cured on the hotplate at 80°C for 3 hours. By removing of NOA65 template
from the cured PDMS in the solution (dichlorometane:methanol=100:15), we
can achieved NC-PDMS template as shown in Figure 2.3a. Author used the

diameter of 25 um PS particle.



The NC-surfaces showing nano scaled curvature radius (r = 1/c) at the
boundary between bud pits-like surface and planar surface are achieved
according to the melting time (t,) of colloidal particles on the hotplate as
shown in Figure 2.3b. At t,, =50 min, we can achieve the curvature radius (r)
about ~900 nm as shown in Figure 2.3c. Author can control the curvature

radius (r) from ~100 nm to micro-scale as function of melting time (t,) shown
in Figure 2.3d.

wﬁ‘ tm=10 . tm=30

g tm=50

IS
~~
=7
N’
—e—i

w
T
\

Radius (um)
*

10 30 5 70 90 110
Melting time (min)

Figure 2.3: Manipulation of curvature radius (r) depending on particle
melting time (t,) of colloid. a-c) The SEM image of NC-PDMS template
made of diameter of 25 um particles (a) and NC-surface (b) with various NC-
curvature radius (r), and magnified SEM image of curved region at the value

of melting time (t,=50 min showing r~700 nm). d) Curvature radius (r) as

function of melting time (t,,) is shown in (d).
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2.2.2 Model Membrane on the Template

Author now demonstrates how the SLBs membrane can be expressed on the
NC-PDMS template with showing continuous and fluid both on the curved
and planar surfaces within the patch of membrane. Figure 2.4 shows the
schematic illustration (Figure 2.4a) and confocal micrograph of fluorescent
lipids (Figures 2.4b-h) on supported lipid bilayers (SLBs) covered NC-
PDMS template (t, = 30 min giving the r ~ 400 nm). The NC-PDMS
template was exposed to standard plasma treatment [59] to modify the surface
property from hydrophobic into hydrophilic. The treatment of the PDMS
surface with plasma introduces polar functional group, primarily silanol (-
SiOH) groups, on the PDMS surface, which has been documented by a
decrease of the contact angles from 120 to 20 degree [60]. Binary B1 vesicle
mixture, composed of 1,2-dioleayl-sn-glycero-3-phoph-ocholine (DOPC) as a
base for the formation of the SLBs with 1 mol% negatively charged lipids
labeled with red fluorescent dyes, texas red 1,2-dihexadecanoyl-sn-glycero-3-
phosp-hoethanola-mine (TR), are exposure to hydrophilic NC-PDMS

template more than 5 min.

The confocal fluorescence microscope shows distributions of membrane
components on NC-PDMS template with the side view (Figure 2.4b) and top
views at each value of Z-axis (Figure 2.4c-h), respectively. The distribution
of fluorescent TR molecules (Figure 2.4b) shows similar shape of scanning
electron microscop (SEM) image (not shown) of NC-PDMS template. In
order to analyze in detail, we shows distribution of TR at each Z-axis values.
As seen at Figure 2.4c, a little light was detected at the center of micrograph

at the value of Z = 0 um. whereas the circle-shape distributions of TR are
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Figure 2.4: a,b) Schematic diagram of formation of SLBs on the NC-PDMS
template by rupturing the binary mixture (DOPC:TR=99:1) membrane and
side view of confocal micrograph (b) of SLBs covered NC-PDMS template
(tm= 30 min giving the r~500 nm). c-h) The confocal micrographs at each
value of z-axis, Z=0 um (c), Z=-4um (d), Z=-8 um (e), Z=-12 um (f), Z=-16
um (g), Z=-20 um (h) and corresponding cross-sectional intensities along the

white dotted line (depicted at Fig. 2.4f) at each Z-axis value (i).
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observed indicating that the SLB membrane is completely expressed on the
NC-PDMS template (Figure 2.4c-h). The distance between ‘peak isoline’ as
each Z values are defined as gap distance G(z) of TR are observed indicating
that the SLBs membrane is perfectively expressed on the NC-PDMS template
by analyzing the distribution of ‘peak isoline’, defined as gap distance G(z), at
each micrographs. Figure 2.4i represents corresponding cross-sectional
intensities along the white dotted line (depicted at Figure 2.4f) at each Z-axis
value. The gap distance is G.ip = 21.4 um compared to the G, = 16.1 pm.
These data shows the diameter near the bud-neck region is shallow than the
diameter of the middle of bud-pits region. And as we expected, amount of
fluorescence intensity at the outside of the circle was detected while inside of
circle has no intensities at Z = -20 um. These data give us the information that
a patch of continuous SLB membrane is formed on the NC-PDMS template
without any disruptions. In the physical words, an appropriate adhesion
energy [59] for fluid membrane is achieved by plasma treatment and surface
tension of lipids is big enough not to be disrupted by elastic distortion of
membrane at the bud-neck area (r ~ 400 nm). Actually, a thin water layer
approximately 1-2 nm thick is trapped between the support and the head
groups of the lower leaflet of the bilayer [3]. This water layer acts as a
lubricant allowing both leaflets of the bilayer to remain fluid. However, it is
impossible to fit the exact distribution of SLBs on NC-PDMS template in
nanometer scale through the fluorescent microscopic image due to the
dispersal effect of fluorescent dye. Therefore, by comparing distribution of TR
with confocal microscope with SEM image of NC-PDMS, we can verify the
existence of SLB membrane on the NC-PDMS template. Author measures the
diameter of NC-PDMS template at various Z values, and figure out that the
diameter of template is perfectively same value of Gz, at each Z values. For

example, the diameter at Z = -12 pm was 21.5 um, compared to the G =



21.4 um (data not shown). Author also verified the membrane fluidity through
the fluorescence recovery after photo-bleaching (FRAP) studies [4] with the 1
mol% TR molecules included membrane at 99 mol% DOPC lipids on the NC-
PDMS template (t,,= 10 min giving the r > 100 nm) as shown in Figure 2.5.
The phospholipids, used as a base for the formation of the SLBs, were 1,2-
dioleoyl-sn-glycero-3-phoph-ocholine (DOPC). For imaging the SLBs, a
negatively charged lipids labeled with red fluorescent dyes, texas red 1,2-
dihexadecanoyl-sn-glycero-3-phosp-hoethanola-mine (TR, Molecular Probes,
Eugene, Oregon) were mixed with DOPC at 1 mol%. The lipid mixture,
33:33:33 (mol: mol: mol) DOPC: SPM: CHOL, all purchased from Avanti
Polar Lipids, Birmingham, Alabama) was prepared, doped with TR and
ganglioside =~ GM; (brain, ovine-ammonium salt, Avanti Polar Lipids,
Birmingham, Alabama) at 1 mol% according to the each purpose, respectively.
The alexa fluor 488 labeled cholera toxin B subunit (Alexa-488 CTxB,
molecular probe, Eugene Oregon) is used as a raft maker protein diluted to a
concentration of 10 pg/ml with Tris buffer (100 mM NaCl and 10 mM Tris at
pH 8.0). All lipids were dissolved in chloroform. The rapid solvent exchange
method [55] was employed to evaporate chloroform and to hydrate with Tris
buffer (100 mM NaCl and 10 mM Tris at pH 8.0) simultaneously. Small
unilamellar vesicles (SUVs) were produced by extruding 20 times through a
50 nm filter. The residual SUVs remained in the tris buffer solution were
removed with the DI water after the SLBs was formed after the substrate was
exposed to the SUVs solution for 5 min The texas red dyes and alexa fluor
488 dyes were monitored using both with an confocal microscopy (Carl Zeiss
LSM710, Karl Zeiss, Carl Zeiss Korea) and an epifluorescence microscopy
(Eclipse E600-POL, Nikon). Whole processes were performed in room
temperature. The measurements of the fluorescence intensity molecules in

supported lipid membranes were carried out using an image analyzing



program of Image J (National Institute of Mental Health, USA). Formed SLB
membrane by vesicle rupture process had been kept for 3 days showing the
stable coverage on the NC-PDMS template and followed by FRAP tests both
on the planar areas (Figure 2.5a-c) and on the bud-pit areas (Figure 2.5d-f).
The bleached regions (yellow dotted circles) with UV for 1 minute were
recovered with surrounded lipid molecules by Brownian motion after 20 min
at both of area. A quantitative analysis of our system reveals an diffusion
coefficient of 1.36 + 0.1 um®/s at both of the bud-pits surface and the planar
surface giving identical diffusion constant, in good agreement with lipid
bilayers on glass [4, 42] and oxidized PDMS substrates [61]. Our FRAP
studies indeed confirm that the continuity and fluidity of the binary membrane

are completely preserved.



FRAP of TR on the planar SLBs (DOPC:TR =99:1)

Top view

Figure 2.5: a,b) the fluorescence recovery after photo-bleaching (FRAP)
studies [4] with the 1 mol% TR molecules included membrane at 99 mol%
DOPC lipids on the NC-PDMS template (t, = 10 min giving the r ~ 100 nm).
FRAP test on the planar SLBs (a-c) and both on curved and planar SLBs (d-f).

The yellow dotted circle indicated the area where UV light is exposed.
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2.3 Curvature Elasticity-driven Membrane

Reorganization

2.3.1 Membrane Reorganization on Bud-neck Template

On the basis of the outcomes made above, we implemented
combinatorial introduction of diverse lipid mixtures on the NC-PDMS
template to demonstrate which lipid molecules are crucial for phase-
separating into Lo phases at NC-surfaces. Whole fluorescence micrographs
were taken after 36 h of vesicle rupture procedure that is sufficient for phase-
separating into Lo phases at the control value of NC-PDMS template (t,,= 50
min giving the r = 700 nm). The compositional properties of each SLB types
are represented in Table 1.

Table 1. The compositional properties of each vesicle mixture

SLB types Composition of SLB
B1 99% DOPC, and 1% TR (Fig. 2)
B2 66% DOPC, 33% CHOL and 1% TR (Fig. 3a)
B3 66% DOPC, 33% SPM and 1% TR (Fig. 3b)
B4 98% DOPC, 1% GM; and 1% TR (Fig. 3c)
B5 65% DOPC, 33% SPM, 1% GM; and 1% TR (Not shown)
B6 65% DOPC, 33% CHOL, 1% GM; and 1% TR (Not shown)
B7 33% SPM, 32.5% CHOL, 32.5% DOPC, 1% GM, and 1% TR (Fig.
3d)
B8 33% DOPC, 33% SPM, 33% CHOL and 1% TR (Not shown)

In order to identify the effect of the CHOL and saturated SPM, we express the
both of SPM/GM;-free B2 membrane (Figure 2.6a) and CHOL/GM;-free B3
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membrane (Figure 2.6b) to the NC-templates, respectively. Although the
CHOL and SPM molecules are key components for raft formations, individual
introduction to NC-PDMS fail to phase-separate into Lo domains. Similar
process is performed with the ternary B4 membrane (Figure 2.6c), but fail to
shows any difference as well. No particular changes (Figure 2.6a-c) during
36 h give us the information that the SPM, CHOL and GM; couldn’t lead
phase-separation into the Lo domain when they work alone. Author also
performed the identical experiments with quaternary B5 CHOL-free
membrane (data not shown) and SPM-free B6 membrane (data not shown),
but cannot find any differences compare to former experiments. These data
give us the information that the SPM (or CHOL) and GM; and their
combination doesn’t lead phase-separation into the Lo domain[62]. However,
when quintuplicate B7 mixture (Figure 2.6d; SPM+CHOL+DOPC+GM+ TR)
was introduced to the NC-PDMS template, the black lines around the edge of
bud pits structure were observed. In order to investigate which lipid
components lead to phase-separation into raft domain, the identical
experiment was performed with quaternary GM;-free B8 mixture. The
identical black lines at the same regions were detected (data not shown). Our
combinatorial introduction of membrane to NC-PDMS studies indeed
confirms that the CHOL and SPM are critical components for Lo domain
formation and subsequent phase-separation in the shape of ‘ring-raft’ domains.
Besides, phase-separation of rafts domain is mostly activated at the negatively
curved surface. As we mentioned above, we used NC-PDMS template (t,,= 50
min giving the r =~ 700 nm). Figure 2.6e shows the time-lapse microscopic
observation after rupturing the B7 mixture in time, and the corresponding
fluorescent intensity of TR as function of distance from center of bud-pits.
The fluorescent intensity of TR near the center of bud-pits gets increase as

function of time, while that of TR at the NC-regions gets decrease.
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Figure 2.6 : The microscopic (top row) and fluorescence textures (bottom
row) by rupturing various composition of membrane components on NC-
PDMS template. a-d) The ternary mixture SPM/GM;-free B2 membrane (a),
with CHOL/GM;-free B3 membrane (b), with SPM/CHOL-free B4
membrane (c), and the quintuplicate B7 membrane (d) after formation of SLB

membrane for 36 h. The time evolution of B7 membrane in time is shown in

(e).
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This can be interpreted the growth of Lo domains at the corner of NC-regions
in time. Interestingly, we find out that the range of darkest intensity at t = 36 h
is about 1.5 um (shown in gray region between two black arrows at Figure
2.6e) which is two times of curvature radius (= 2r). Underlying concept of
organizing lipid domain at the NC-surface can be explained by spontaneous
curvature of the Lo domain (c,= —1/53 A™) [52]. Author already estimates
the preferential localization of raft domains at curved surfaces at previous
papers [52]. The intrinsic curvature originated from asymmetric molecular
shapes of lipids [63], generally has a more negative value due to a small head
group of a cholesterol molecules than the Ly phase (c.q= —1/160 A ™) [64].
When the outer leaflet of lipid monolayer is under structural deformation by
the negative curvature of NC-PDMS template, the Lo domains will experience
less severe elastic distortions than the Ly domains. This means that the
curvature gradient of the NC-PDMS surfaces will provide a driving force for
the transport of Lo domains to release the increase of the elastic energy. As a
result, the preference of ‘nanoraft’ into at the NC-surface than planar surface
lead phase-separation at the edge of bud-pit structures as seen at Figure 2.6d.
The ‘height mismatch’ of lipids molecules also helps the phase-separation and
growth into bigger raft domains. Lipid raft domains tend to be thicker than
surrounding membrane. This comes from that the saturated hydrocarbon
chains of SPM (~4.6 nm thick) is thicker than the unsaturated hydrocarbon
chain of DOPC (~3.5 nm thick) demonstrated by atomic force microscopy
[35]. These ‘height mismatch’ [28] at the edge of phase-separated domain
would give arise the increase of ‘line tension’ which is energetically
unfavorable by exposing of hydrophobic part of raft components to water
molecules. If membranes allow themselves to deform at the boundary so as to
prevent the creation of hydrophobic surface by protruding rafts, the line

tension would be reduced. However, in our system, instead of rolling up or



detaching from the solid supports, the ‘ring-raft’ domain prefers to locate to
the NC-region. Author postulates that energetically unfavorable ‘line tension’
also lead the rafts aggregates to accumulate bigger domain to reduce the total
line tension at NC-surface in our system. According to these data, we can
conclude that geometry of membrane structure, with radius in nanometer scale,
might be major factor for spatial migrating and coarsening of ‘nanoraft’ units
in the shape of ‘ring-rafts’ as providing excellent platforms for gradual

aggregations of nanoraft into Lo domains.

2.3.2 Ring-rafts and Protein Localization at NC-surface

On the basis of the results made above, we reconstitute spatial distributions of
Lo domain into ‘ring-rafts’ within a patch of model membrane and sequential
protein-binding as shown in Figure 2.7. Prior to reconstitution of Lo domain
on the NC-PDMS template, we rupture CHOL-free B5 mixture
(DOPC:TR:GM;:SPM=65:1:1:33) to the template (t,=30 min giving the r =
500 nm; SEM image in Figure 2.7a) In order to confirm the existence of Lo
domain, well known raft-marker protein, alexa fluor 488 labeled cholera toxin
B subunit (CTxB-488), was additionally introduced 36 h after the formation of
the SLB membrane on NC-PDMS template. The CTxB protein has highly
affinity to glycolipid receptor GM; which would highly concentrate on the Lo
domain (Figure 2.7b). The confocal microscope was used to identify the 3-D
distributions of target lipids. First of all, we found that the TR uniformly
distribute on the NC-PDMS template without any fluorescence depletion
regions showing that no Lo domain was formed as a control test (Figure
2.7c¢).The GM;-bound CTxB-488 (Figure 2.7d) distribute uniformly, namely
uniform distribution of GM;, on the NC-PDMS template (Not shown).
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Figure 2.7 : Reconstitution of spatial Lo domain into a 3-D form of closed

loop within a patch of model lipid bilayers and protein (CTxB-488) binding
on the NC-PDMS template. a) The SEM image of NC-PDMS template made
of diameter of 25 um particles (t,=30min giving the r~500nm). b) Schematic
illustrations of the CTxB protein binding to glycolipid receptor GM1 with
highly affinity. c-e) Distribution of TR (c), CTxB-488 (d), and cross-sectional
view of single bud-pit (¢) when covering the NC-PDMS template with
quaternary mixture (DOPC:TR:GM1:SPM=65:1:1:33) of cholesterol excluded
membrane. f-h) c-e) Distribution of TR (c), CTxB-488 (d), and cross-sectional
view of single bud-pit (¢) when covering the NC-PDMS template with
quintuplicate  mixture  (DOPC:TR:GM1:SPM:CHOL=33:1:1:32.5:32.5)
membrane to the NC-PDMS
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The Figure 2.7e shows the series of the cross-sectional micrographs of target
lipid (TR; top row), protein (CTxB-488; middle row) and merged image
(TR+CTxB-488; bottom row). These confocal images confirm that TR and
bounded CTxB cap the NC-PDMS template with uniform and constant
coverage without any disruption of membrane. By contrast, expression of the
quintuplicate M7 mixture to the NC-PDMS template shows contrasting
results compared to the M5 membrane which excludes the CHOL lipids.
Author observed that closed loop shaped TR-depleted areas at the NC-surface
showing that Lo domain was formed as shown in Figure 2.7f. The distribution
of CTxB-488 (Figure 2.79) also supports our observation of ring-raft domains
at the NC-surfaces. That is, more intensive fluorescent light of CTxB-488,
namely location of GM,, was detected near the NC-surface, and the cross-
sectional micrographs (Figure 2.7h) verify the formation of Lo domain at
NC-surface. Author also performed ‘continuity test’ to confirm that black
regions at NC-surface comes from whether ring type ‘lipid-free’ zone by
disrupting the lipid membrane or phase-separation of Lo domain by expelling
the TR-DHPE lipids from Lo domain. Author exposes fluorescence labeled
proteins, avidin-FITC, which will bind to hydrophilic surface of solid supports
if there are ‘lipid-free zone’ [65, 66] in our system. However, no non-specific
binding of avidin-FITC protein was detected which indicate that black ring-
shape regions are Lo domains (data not shown). on the NC-PDMS template.
The Figure 2.7(e) shows the series of the cross-sectional micrographs of
target lipid (TR; top row), protein (CTxB-488; middle row) and merged image
(TR+CTxB-488; bottom row). These confocal image confirm that TR and
bounded CTxB covered NC-PDMS template with uniform and constant
coverage. Author also confirms that the continuity quaternary membrane are
completely covered and preserved. By contrast, expression of the
quintuplicate  mixture  (DOPC:TR:GM1:SPM:CHOL=33:1:1:32.5:32.5)

membrane to the NC-PDMS template shows different results compared to the
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quaternary mixture membrane which excludes the CHOL lipids. Author
observed that closed loop shaped TR depleted areas at the NC-surface
showing that L, domain was formed as shown in Figure 2.7f. The distribution
of CTxB-488 (Figure 2.7g) also supports our observation of closed loop type
raft domains at the NC-surfaces. That is, more intensive fluorescent light of
CTxB-488, namely location of GM1, was detected near the NC-surface. The
Figure 2.7h shows series of the cross-sectional micrographs of target lipid
(TR; top row), protein (CTxB-488; middle row) and merged image
(TR+CTxB-488; bottom row). Our selective membrane introduction to NC-
PDMS studies indeed confirms that the saturated SPM and CHOL are critical
components for ‘nano raft” formation and subsequent phase separating into L,
domain. Moreover, intrinsic curvature mediated spatial reconstitutions of raft
domain into a 3-D form of closed loop within a patch of model lipid bilayers.
Author also performed ‘continuity test’ to confirm that black regions at NC-
surface comes from whether ring type ‘lipid-free’ zone by disrupting the lipid
membrane or phase separation of Lo domain by expelling the Txrd-DHPE
lipids from Lo domain. Author exposes fluorescence labeled proteins, avidin-
FITC, which will bind to hydrophilic surface of solid supports if there are
‘lipid-free’ zone [65, 66] in our system. However, no non-specific binding of

avidin-FITC protein was detected (data not shown).

2.4 Discussion & Conclusion

In conclusion, the approach described here offers the practical reconstruction
and stability of ring-rafts in model membrane for the first time by means of
time-lapse fluorescence microscopy coupled to the confocal microscopy. The
spatial local curvatures which mimic the intermediate process of budding

were achieved with single PDMS material and exposure of diverse mixtures



confirms that the combination of SPM and CHOL is essential for Lo domain
at the bud-neck architecture. Curvature mediated reorganization within the
membrane will give clues for understanding the mechanical correlation
between local curvature and biological phenomena such as generations of
budding, invaginations [27, 49], and virus intake process (e.g. Influenza virus
hemagglutinin) [43]. First of all, our concepts shows geometric deformation
of membrane can transport and localize the specific class of lipids molecules,
known as lipid rafts, into shape of ‘ring-type’ by escaping from the
conventional isolated ‘island-type’ lipid raft pattern® > %, Our reconstitution
of ring-rafts in vitro could be expended to identify the physical and functional
roles of ‘ring-raft’ [30] in the course of budding process. Author also carried
out “field directed diffusion test’ [56] to confirm that whether closed shape of
Lo domain at NC-area prohibits lipid mixing or transporting between bud-pits
and donor membrane, and confirm that these ‘ring-type’ rafts play as an
barrier between two regions as shown in Figure 2.8. This phenomenon might
occur at apical membrane of living cell which is believed to be happened near
the either side of a neck within the membrane. Since ‘ring-rafts’ can play an
important role as a barrier to lipid diffusion, which can facilitate fission by
restricting the amount of lipid molecules involved in the fission reaction and
thereby reduce dissipation of energy as mentioned by Huttner at el [30].
Secondly, our system could offer the opportunities to uncover the general
explanation why membrane division protein, dynamin, destined to locate at
bud-neck region. Raft domains are thought to function as site for the selective
concentration of proteins, acting as platforms enabling a sufficient quantity of
protein, including dynamin [67], to accumulate to enable their function [27].
However, general explanation or mechanistic factors for gathering of the
dynamin into bud-neck regions remain to obscure. Author conjectures that it
might aggregate at bud-neck due to ‘ring-type’ raft domains as we shown in

this thesis. In conclusion, our results could represent clues for understanding
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the relations between curvature [28-30] and lipid compactions [68], and
consequential protein migration and clustering [49, 50] for scientific research

and for applied science by providing the platform in vitro.

Ring raft domain . E-field Absent of E-field
SLBs . .

Lo domain

(2) (b)
Figure 2.8: The schematic illustrations (upper line) and epifluorescence
micrographs (bottom line) indicating the procedure of ‘field directed diffusion
test’. Spatial reconstitution of loop shape Lo domain before, at t = 0 min (a)
and after, at t = 20 min applying the electric field of 45 V/cm (b) followed by

cutting the electric field for 40 min at t = 60 min (c).
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Materials & methods

Formation of SLBs and an imaging method: The phospholipids, used as a
base for the formation of the SLBs, were 1,2-dioleoyl-sn-glycero-3-phoph-
ocholine (DOPC). For imaging the SLBs, a negatively charged lipids labeled
with red fluorescent dyes, texas red 1,2-dihexadecanoyl-sn-glycero-3-phosp-
hoethanola-mine (TR, Molecular Probes, Eugene, Oregon) were mixed with
DOPC at 1 mol%. The sphingomyelin (SPM; brain, porcine), cholesterol
(CHOL), ganglioside  (GMy ; brain, ovine-ammonium salt) were purchase
from from Avanti Polar Lipids (Birmingham, Alabama). The alexa fluor 488
labeled cholera toxin B subunit (Alexa-488 CTxB, molecular probe, Eugene
Oregon) is used as a raft maker protein diluted to a concentration of 10 pg/ml
with Tris buffer (100 mM NaCl and 10 mM Tris at pH. 8.0). All lipids were
dissolved in chloroform. The rapid solvent exchange method ©° was
employed to evaporate chloroform and to hydrate with Tris buffer (100 mM
NaCl and 10 mM Tris at pH. 8.0) simultaneously. Small unilamellar vesicles
(SUVs) were produced by extruding 20 times through a 50 nm filter. The
residual SUVs remained in the tris buffer solution were removed with the DI
water after the SLBs was formed after the substrate was exposed to the SUVs
solution for 5 min The texas red dyes and alexa fluor 488 dyes were
monitored using both with an confocal microscopy (Carl Zeiss LSM710, Karl
Zeiss, Carl Zeiss Korea) and an epifluorescence microscopy (Eclipse E600-
POL, Nikon). Whole processes were performed in room temperature. The
measurements of the fluorescence intensity molecules in supported lipid
membranes were carried out using an image analyzing program of Image J
(National Institute of Mental Health, USA).



Application of the electric field: The electric field-directed experiment in our
study is similar to the electrophoresis experiment[56]. Across the two Pt wires
being used as two electrodes stands away 1.5 cm apart, the direct current
electric field of 45 V/cm was applied from a standard power supply.
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Chapter 3. Cellular Signal Pathways across Mono-

Bilayer Junction

3.1 Introduction

The living cell coordinates its components against the numerous signals
through the signaling pathways associated with the transportation of the
messenger molecules [69, 70] or the generation of the reaction cascades [71]
in the forms of cell deformation [29], membrane trafficking [36], and domain
organization [72-74]. Since most of signaling events are mediated by the
cellular membrane where the diverse lipids and membrane proteins are
assembled in bilayer architecture, elucidating physicochemical factors which
migrate and compartmentalize the signaling components [75, 76] into spatial
domains within a patch of membrane are crucial for understanding the role of
membrane in signaling. As one of regulatory factors, the membrane
morphology has been believed to integrate the certain type of membrane
constitutes (e.g. receptor protein complex, signal lipids) toward specific
domains, called lipid raft [77, 78]. The lipid rafts, the dynamic assemblies of
sphingomyelins (SPMs) and cholesterols (CHOLSs), have been considered to
play a central role in gathering signaling-participative proteins [45, 66, 79] to
variable extents showing morphological variations within the bilayer
architecture, but remain as the open question to answer the correlation
between the signaling and the membrane morphology. Macroscopically, the
cell membrane exhibits two types of morphologies depending on the relative
positions of individual membrane proteins. One case is that trans-membrane
proteins [2, 36, 71, 75] occupy both the outer and inner leaflets of the

membrane (Figure 3.1a, left). The other cases are that a large family of



membrane proteins are floated around the membrane without penetrating into
the layers of the lipids [36]. For example, the integral monotopic protein (IMP)
[2] is occupied only in a single leaflet, either the outer or inner leaflet, of the
membrane (Figure 3.1a, middle and right). At this moment, the monolayer-
bilayer junction (MBJ) within continuous membrane is destined to occur. As
an effort to mimic the MBJ where majority of signals are propagated across
the membrane, numerous physicochemical approaches have been tried to
reconstitute appositional binary membrane in model system [80, 81]. However,
the lipid-free gap [82-86], separating the lipid monolayer region from the
bilayer region at the substrate boundary between the hydrophilic and the
hydrophobic surfaces, prohibits floating lipids from being mixed each other
showing incomplete reconstruction of native cellular junctions. In order to
reconstitute leaflet of a monolayer at opposing the IMP, two distinct essential
prerequisites, which are comparable to property of the IMP, are required. That
is the hydrophobicity which avoids discontinuity at the boundary between
lipid monolayer and bilayer membrane, and embedded dimension around of
~2 nm height. Despite the actual existence in cellular membrane, the
reconstitutions of connective MBJ in model membrane and the consequential
assembly of raft molecules into specific domain for effective ligand-receptor
binding (Figure 3.1b) has not been explored so far in supported lipid
membrane (LM) even at the significant roles in the course of signaling
pathway [27-31]. Therefore, it is extremely crucial to establish a reliable and
practical strategy of integrating continuous and fluid binary supported LM
which gives an opportunity toward designing bio-functional surface. Besides
usage of this platform which applicable to preferential behavior of signal

molecules will become robust tools for biological science for in vitro studies.
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Figure 3.1 : Representation of the MBJ. (a) The native plasma membrane
consist of two opposing monolayers of diverse lipids floating the large family
of proteins exhibiting the MBJ. (b) Regulatory signal events are initiated by
approach of signal protein complex. Preferential segregation of signal lipids
and accompanying protein sorting at monolayer morphology could occurs
with consequent binding of signal proteins due to the receptor-ligand

recognition.

49 R T



3.2 Continuous Membrane across the Mono-Bilayer

Junction

3.2.1 Modification of the Surface Hydrophobicity.

Author now describes how the surface energy of S-PDMS transferred
glass can be modified to find ‘weak’ surface hydrophobicity at which
reconstitutions of supported lipid monolayer. The fabrication process of S-
PDMS transferred glass was explained at Materials and Methods in detail.
Briefly, before the contact with dry PDMS mold, a glass substrate was first
cleaned with a solution of piranha. The PDMS preferentially transfers onto
more hydrophilic surface features due to the hydrolysis reaction of PDMS
material with hydroxyl (-OH) group on glass during stamping [87, 88].
Piranha cleaned glass was contacted to PDMS mold and subsequent exposure
to hotplate while they keep contacted. Author have found that temperature can
vary the surface hydrophobicity [89]. The contact angle gradually increases as
temperature increases while they keep contacted to glass as shown in Table 2.
Author also represents surface energy (ys,) which will be discussed later.
Figure 3.2a shows the microphotographs of contact angle (6) of water before
(6, = 6°, inset) and after (6, = 80°) stamping of the PDMS mold at 200C for
3 min. To test the surface hydrophobicity at the aqueous environments, we
performed water drop test at selectively patterned surfaces showing distinct
wettability. Transfer of S-PDMS to half of 2 cm x 2 cm cleaned glass,
hydroxyl (-OH) group terminated, contacted with bulk PDMS mold and being
exposed to aqueous environment by dropping the water droplet at the
boundary between stamped (white rectangle) and unstamped (filled with
water) area as depicted in Figure 3.2b. The schematic illustrations of
selective transfer process of S-PDMS on cleaned glass are shown (in upper

inset in Figure 3.2b).



Table 2 : Contact angles (éc4) of water (H,O) & the surface energy () on

various substrates

Surface e (H20) (deg) ¥ (MI/M?)
Piranha cleaned glass <6.0 72.4
S-PDMS glass ( Room temp. ) 36.0 62.0
S-PDMS glass (50C ) 45.0 56.6
S-PDMS glass (100°C ) 485 54.6
S-PDMS glass (150 ) 60.6 475
S-PDMS glass (200°C ) 80.1 35.4
S-PDMS glass (250TC ) 84.0 33.0
S-PDMS glass (300TC ) 90.1 29.2
Bulk PDMS 105.6 19.7
Octadecyltrichlorosilane (OTS) 109.1 17.6

* Surface tension (5,) of different surface before and after PDMS stamping
calculated from mean advancing water contact angle (s, =72.8 mJ/m?and £ =
0.0001247 (mJ/m?)2.



Moreover, it is essential to design bio-functional arrays and devices [90, 91] at
the unit of micro-scale. These characters were demonstrated by water vapor
test [86] with micro-fabricated PDMS mold by conventional photolithography.
The schematic picture of micro-patterned PDMS mold, casted and peeled
from piranha cleaned glass at 200 ‘C for 3 min, was shown (in Figure 3.2c)
with showing scanning electron microscopy (SEM; upper inset) micrograph
of micro-patterned PDMS mold and Atomic force microscopy (AFM; bottom
inset) micrograph of stamped area. It is found that the thickness of S-PDMS
region was at the range of 3-4 nm (data not shown) which is comparable scale
of thickness of the lipid layer. To test for differences in chemistry between the
underlying substrate and S-PDMS material, water from humid air was
allowed to condense on the micro-patterned (50 um x 50 um separated by 15
um grid patterns). Upon the patterns, clear patterns were formed. This data is
good accordance with data shown by Karin Glasmastar at el [86]. A clear
pattern of the expected dimensions was shown, demonstrating a contrast in
hydrophilicity/hydrophobicity between the contact/noncontact regions as

shown in Figure 3.2d.
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S-PDMS Surface

PDMS Stamp

Figure 3.2 : Water vapor test and water drop test at selectively patterned
surfaces showing distinct wettability (a) The Microphotographs of contact

angle of water before (6, = 6°, inset) and after (6, = 80°) stamping of the bulk

PDMS at 200°C for 3 min. (b) Transfer of S-PDMS to half of 2 cm x 2 cm

cleaned glass showing distinct wettability is demonstrated by dropping the
water drops on the boundary between stamped (white rectangle) and
unstamped area. The schematic illustrations of selective transfer process of S-
PDMS on cleaned glass are shown in upper inset. (¢) The schematic picture of
micro-patterned PDMS mold to piranha cleaned glass showing Scanning
electron microscopy (SEM; XL30FEG, Philps) micrograph of PDMS mold
(upper inset) and Atomic force microscopy (AFM; AutoProbe CP, Park
Scientific) micrograph of stamped area (bottom inset). (d) The
microphotograph of water vapor test on 50 um x 50 um separated by 15 um

grid PDMS patterned stamp (the scale bar is 50 um).
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3.2.2 Continuous Binary Lipid Membrane

Supported lipid films have been reconstructed through the vesicle
fusion on planar surfaces using one of three techniques. First, Tamm and
McConnell [92] observed spontaneous adsorption of lipid films forming
continuous bilayers that are weakly bound to the surface through a 1-nm-thick
water layer. Thin water layer provides the fluidity of lipid molecules in
bilayers morphology and thus provide a bio-functional films. On the other
hand, lipid films can be formed on self-assembled monolayer (SAM) and
polymer surfaces by using the balance of hydrophobic, steric, and electrostatic
forces acting on lipids [93]. Among them, hydrophobic force is an important
factor for reconstructing the binary membrane. Since the steric interactions
takes place in the plane of the monolayer and the electrostatic interaction
depend deeply on the ionic strength of the solution. Therefore, for our system,
it is proper to focus on the surface hydrophobic interaction at a water-
hydrophobic interface. The interfacial free energy of lipids has been reported
to vary between 50 and 19 mJ/m? [94]. In order to establish fluid and
connective membrane on the hydrophilic supports, it is essential to form
‘weak’ hydrophobic barrier (Type I; Figure 3.3a) for lipid monolayer
architecture. If the hydrophobic energy of barrier is too strong, lipids stick to
the ‘strong’ hydrophobic barrier and result in discontinuous binary membrane
(Type II; Figure 3.3b) by acting like geometrical barrier as explained above.
Author estimates ‘strong’ and ‘weak’ surface energy () through contact angle

(@) and an equation of state of interfacial tension has been developed [87]:

cosf=—-1+2 Yﬂe‘ﬁ(ylv_)/sv)z (1)

Yiv

Where, ys vs12nd vy, Where the subscripts sv, sl, and Iv refer to the solid-vapor,

solid-liquid, and liquid-vapor interfaces, respectively. if y,, 6, and



empirically derived parameter g are known, then vs, is also known. ys, was
determined using a Microsoft excel that we wrote employing values of
0.0001247 mJ/m??for  and 72.8 mJ/m? for v, of water. Detailed explanation

for the equation 1 is described at Materials and Methods.

In the light of the above idea, supported lipid films are reconstructed
through the vesicle fusion method [92]. The phospholipids, used as a base for
the formation of the connective binary supported membrane (CBSM)
membrane, were 1,2-dioleoyl-sn-glycero-3-phoph-ocholine (DOPC, white
headgroup in Figure 3.3a) and negatively charged lipids labeled with red
fluorescent dyes, Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosp-
hoethanola-mine (TR-DHPE, red headgroup in Figure 3.3a) mixed with the
ratio of 99:1. To enable fluorescence visualization, we use the starting vesicles
doped with a 1 mol% TR probe. The 1-nm-thick water layer provides the
fluidity of lipid molecules in bilayers [56, 95]. To demonstrate the connective
MBJ system through S-PDMS (P) transfer method, we directly compare the
membrane properties on the octadecyltrichlorosilane (OTS) self-assembled
monolayer (O) formed with identical experimental conditions. The OTS was
selected since it shows the comparable thickness of the single layer with S-
PDMS and representative material for generating lipid monolayer morphology
as well. The AFM data obtained both at P and O regions (data not shown)
show great accordance with data reported earlier by Wang et al. [96]
Templates for the P and O patterns comprised of 50 um x 50 um square
regions separated by 10 um (Figure 3.3a, inset) and 15 um (Figure 3.3b,
inset) distance were shown by SEM images and consequent vesicle fusion on
the P and O stamped substrates forming binary membrane were shown in
Figure 3.3a and Figure 3.3b, respectively. A high-contrast fluorescent pattern
comprising two regions of distinctly different fluorescence intensities is

immediately discerned: (1) bright and homogeneous region within the



patterned square (‘G’ for unstamped glass); (1) weaker, yet homogeneously
fluorescent, background regions (‘P’ and ‘O’). The patterns correspond
directly to the patterns of surface hydrophobicity and topography generated by
mold stamping. In particular, the unstamped G regions exhibit stronger,
homogeneous fluorescence due the probe doped lipid bilayer. By contrast, the
stamped P or O regions show weaker, homogeneous fluorescence due to the
probe-doped lipid monolayer. Our results show great accordance with the
previous studies which established the a lipid mono layer [97] on hydrophobic
surface, whereas the lipid bilayers [56] on hydrophilic surface. Author also
observes the fluorescence intensity contrasts in hydrophilic (G) and
hydrophobic regions (P or O) along the white dotted line (Figure 3.3a,b).
Corresponding data are depicted as yellow line profiles, displaying stronger
intensity (l,) on hydrophilic regions and weaker one (l;) on hydrophobic
regions. Average values derived from more than 20 independent samples
yielded the intensity ratios of ~1.74 (l/l,) at O regions, ~1.51 (I,/l,) at P
regions, respectively. These data are similar with data of Howland et al [83].
The ‘migration test’ [82] of charged lipids is tested to verify the connectivity
of MBJ between hydrophobic and hydrophilic regions. As mentioned above,
the lipid mixture used to form the binary membrane contained 1 % negatively
charged TR-DHPE. Following the appliance of a field of 40 VV/cm for 20 min
(t = 20), the negatively charged lipids within the square pattern are expected
to move toward opposite direction of electric-field. In case of P/G patterns,
faint accumulations and depletions of charged lipids within square regions (G)
at t = 20 represent only accumulation of the TR molecules which positioned at
the inner leaflet of membranes are geometrically blocked by S-PDMS
molecules, while continuity of membrane through the outer leaflet of bilayer
structure allows the mixing between two regions (Figure 3.3a, middle). To
further definite verification of membrane connectivity, we apply boundary

through mechanical scratching method [1] along the blue dotted line at t = 20
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(Figure 3.3a, inset of middle) and applying the electric field of 40 V/cm for
10 min (t = 30). Cross-sectional fluorescence intensity (yellow line) at white
dotted line shows abrupt depletion of TR-DHPE at right-side of scratched line
(blue dotted line) showing similar drift velocity (~0.11 + 0.01 pm/s at
DOPC:TR-DHPE=99:1 estimated from the mid-point trajectory method [97])
at square regions. In the case of O/G pattern, by contrast, TR lipids within the
square pattern are found to accumulate toward the right-side of G regions
having the field-induced drift motion showing a constant velocity ~0.13 +
0.01 um/s, while identical lipids on the grid pattern (O) show dubitable
accumulation (Figure 3.3b, middle) at t = 20. Corresponding fluorescence
intensity profiles (yellow lines) along white dotted lines demonstrates
accumulation of charged species within the G regions. Similar results have
been reported earlier by Han et al [82]. This comes from the strong
hydrophobicity of S-OTS that prohibits lipid mixing of two distinct regions by
forming lipid-free gaps. Additive stamping was performed to confirm our
connective property on binary architecture by S-PDMS stamping. Periodically
aligned ‘line and space’ patterns of P (100 um width) and O regions (200 um
width) in orthogonal direction were used for direct comparison of distinct
connective characters on an identical solid supports (Figure 3.4). The
generation of lipid-free gaps could be explained with the competition between
a ‘lipid surface tension’ (1..) and a surface hydrophobicity of the geometrical
barriers [85]. In order to construct the BMJ, interfacial energy () and height
(h) of hydrophobic barriers that transferred from stamps should be in suitable
range (= 19-50 mJ/m?) and comparable to the thickness of the monolayer (L,
= 2~3 nm) [98], respectively. Since membrane morphology is determined by
hydrophobic characters of barriers on the solid supports, it is desirable to
provide ‘weak’ hydrophobicity (Figure 3.3a, Type I) which allows fluid and

connective membrane at MBJ. That is why we select the specific S-PDMS



transfer condition (200C for 3 min) for suitable surface properties
constituting lipid monolayer against to the weak barriers. The method to
calculate the » is explained in Methods. By contrast, if the hydrophobic
energy of barrier is too ‘strong’ enough to beat the .., lipids stick to the
‘strong’ hydrophobic barrier and result in discontinuous binary membrane

(Figure 3.3b, Type 1) as they generate lipid-free gap at the boundary.
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Figure 3.3 : Direct comparison of binary membrane fabricated with S-PDMS
(top) and S-OTS (bottom) patterned substrate. The phospholipids, used as a
base for the formation of the CBSM cell, were DOPC (white head group) and

TR-DHPE (red head group) mixed with the ratio of 99:1. The 50 um x 50

um squares separated by 10 um (a) and 15 um (b) patterned PDMS mold
(SEM images are shown in upper-right insets) were used. Epifluorescence
images and corresponding cross-sectional (white dotted lines) intensities
(yellow lines, I, for P and O regions and I, for G region, respectively) of a
supported phospholipid binary membrane formed by vesicle fusion over the
S-PDMS (Type I; a) and S-OTS (Type I, b), followed by applying the
electric field of 40 V/cm for 20 min with direct comparison of diffusion
conformations before (left column) and after (middle column). Especially, the
epifluorescence image before scratching is shown at t = 20. Mechanical
Scratching method are performed along the blue dotted line at t = 20 and
consequence micrographic image (t = 30) in the presence of E-field were
shown in inset. (whole scale bars are 50 um long). Conclusive illustrations of
CBMS showing connective membrane at MBJ (TYPE I, a), while showing
lipid-free gap at boundary of two distinct morphologies (TYPE Il, b).
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Figure 3.4 : The combinatorial pattern (P+O pattern) for verifying our
connective property on binary lipid architecture. (a) Schematic diagram of the
additive transfer process (left) for P regions (100-um-width line and space)
and O regions (200-um-width line and space) in perpendicular direction.
Magnified illustration of the rectangular-grid pattern (black square, left) is
represented (right). b,c) Epifluorescence images of a supported phospholipid
binary membrane formed on combinatorial pattern before (b; t=0) and after (c;
t=20) applying an electric field of 40 V/cm for 20 min. d,e) Corresponding
crossectional intensities on line a-a’ (d) and line b-b’(e) at the absent (white

circle) and present (black circle) of an electric field.
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3.3 Selective Growth of Rafts on Mono-Bilayer

Membrane

3.3.1 Surface Hydrophobicity Dependence

As predicted, the site-selective reconstitution of the signal domains might
occur at continuous MBJ depending on underlying properties of surface. Prior
to imposing the raft mixtures to our CBSM system, the diverse lipid mixture
containing each raft components are introduced to S-PDMS patterned surface
as shown in Figure 3.5. Selective stamping was achieved with
photolithographic patterned master consisted of 50 um x 50 pum square areas
standing out 50 um from PDMS stamp (Figure 3.5, inset). The distributions
of red dye (TR) and green dye (NBD) were represented at top and bottom
lines, respectively. First, the vesicles which contain both of raft components,
denoted as M1 membrane, (Figure 3.5a; 1% TR-DHPE, 33% NBD-CHOL,
33% SPM, 1% GM; and 32% DOPC) were expressed on S-PDMS stamped
glass and confirm the formation of monolayer/bilayer morphology at S-PDMS
stamped/unstamped surfaces. Author observed the high-contrast fluorescent
pattern comprising two regions of distinct fluorescence intensity, that is,
brighter for bilayer region and weaker for monolayer region. The character of
fluorescence intensity of TR-DHPE shows bright at G regions (I,) and darker
at P regions (I;). However, very interesting result was observed at the range of
green spectrum. That is, the distribution of NBD-labeled CHOL molecules
shows opposite tendency of fluorescent contrast profiles against the TR-
DHPE molecules showing brighter intensity at P regions (l;) and darker at G
regions (l,). Despite the monolayer architecture on the P regions, the
fluorescent intensity is brighter than G regions as shown in bottom line of
Figure 3.5a. To test whether the distribution of CHOL enrich patterns come

from Fluorescence resonance energy transfer (FRET) occurring between TR



and NBD, the TR-DHPE excluded M2 membrane was prepared to our pattern.
No fluorescent signals were observed at the range of red spectrum shown in
Figure 3.5b. However, the identical distribution of NBD-CHOL molecules
was obtained showing brighter intensity at P regions and darker at G regions.
Author used the NBD-CHOL that NBD labeled at the head group (and tail
group) of CHOL molecules, but no diffusive difference were observed
between head-NBD labeled and tail-NBD labeled CHOL (data not shown).
The vesicle mixtures which contain the individual key components of rafts are
also tested. The CHOL-free M3 membrane (Figure 3.5¢) and the SPM-free
M4 membrane (Figure 3.5d) films are formed on S-PDMS patterned glass,
respectively. Author found that both of SPM and CHOL molecules prefer to
localize at ‘P’ regions than ‘G’ regions. This was demonstrated by the yielded
the NBD intensity ratios of ~2.10 (l./l,) for SPM (Figure 3.5¢) and ~1.85
(11/1,) for CHOL (Figure 3.5d) over the P stamped samples, respectively. The
introduction of M5 membrane (Figure 3.5e) to our system was performed as
control experiments to verify the preferential localization of raft components
at P regions comes from NBD-dye itself or not. Consequential results show
the identical distributive tendency of TR-DHPE by exhibiting (1) darker and
homogeneous region within the P regions; (Il) brighter, yet homogeneously
fluorescent G regions in the both range of red and green spectrum (Figure
3.5e). It is concluded from this result that the SPMs and CHOLs prefer to
localize on hydrophobic surface than hydrophilic one. This result shows good
accordance with the comments that the Park and Lee et al. [93] reported. In
the conformation of monolayer at a water-hydrophobic interface, the saturate
lipids, the SPMs for our system, prefer to locate in more hydrophaobic area [93,
99, 100]. Moreover, Vlasova et al. [100] demonstrated that the affinity of
hydrophobic compounds for hydrophobic surfaces is higher than for

hydrophilic surface. This could give the clues to interpret the favorable



localization of CHOLs on S-PDMS region since the composition of CHOLSs is
majorly made up of the hydrophobic steroid rings.

(c) (d)

TR-DHPE + NBD-CHOL NBD-CHOL TR-DHPE + NBD-SPM TR-DHPE + NBD-CHOL  TR-DHPE+NBD-PE/PS
+ SPM + GM1 + SPM + GM1 +GM1 +GM1 +GM1
(Bace lipid: DOPC )

(b)

Figure 3.5 : Selectivity of raft components on surface hydrophobicity. The
various vesicles including different raft components are exposed to P
patterned surface. Lipid mixtures including NBD-CHOL, SPM, GM1, DOPC
with TR-DHPE (a), and without TR-DHPE (b) were exposed to S-PDMS pre-
patterned glass. The SEM image of PDMS mold was represented (a, inset).
Individual raft components with NBD-SPM (c), with NBD-CHOL (d) were
exposed mixing with TR-DHPE, GM1, DOPC, respectively. (e) raft
component-free mixtures also test. Corresponding cross-sectional contrast
intensities (yellow lines; I, for P region and I, for G regions, respectively)

along the dotted white lines were shown in each micrograph.
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3.3.2 Selective Raft Formation and Protein Binding

Based on the preferential localization of raft components on S-PDMS
region, we accomplished time-lapse microscopic observations to investigate
whether the favorable migration of raft components into Lo domains and
consequent ligand-receptor binding occur within fluid CBSM as shown in
Figure 3.6. Author previously demonstrated the coarsening of unit rafts,
called ‘nanorafts’, into microscopic scale depending on the topographic
character of solid supports which is essential for controlling the Lo domain in
a supported membrane system[40]. After preparing the hydrophobic patterns
(‘P for S-PDMS and ‘O’ for S-OTS) on glass, the raft component included
M6 membrane is introduced and monitored. As direct comparisons at each
region, the fluorescence recovery after photo-bleaching (FRAP) studies[4] on
the raft-mixture membrane were carried out (Figure 3.6a). Our FRAP studies
indeed confirm that the continuity and fluidity of the CBSM are completely
preserved in the P region (Figure 3.6al, the diffusion coefficient of D = 0.375
+ 0.05 pm?/s) and in G region (Figure 3.6a2, D = 1.06 + 0.1 um?/s) except for
in O region (Figure 3.6a3, not estimated by dubitable diffusion). White dotted
circles (Figure 3.6) indicate where the photo-bleaching performed. As
predicted, no aggregation of nanorafts is monitored at the O region (Figure
3.6b). By contrast, nanorafts aggregate and grow into macroscopic Lo
domains only in the P regions (Figure 3.6c). Since the TR-DHPE molecules
are strongly excluded in the course of nanorafts-coarsening process, the
formation of Lo domains are monitored by the distribution of the TR-DHPE.
Importantly, it seems that nanorafts initially present in the G regions actively
participate in the formation of Lo domains in the P regions. This is clearly
shown by the fact that the Lo formation is much faster at the boundaries than
at the center of P regions. The corresponding cross sectional (along the yellow

dotted line) intensities as function of time on CBMS membrane supports our



conclusion (Figure 3.6¢). The standard raft-marking process, the specific
binding of cholera toxin unit B (CTB) to glycolipid receptor GM; was
implemented as a model for ligand-receptor recognition process and
applicability for biomedical microarray. Figure 3.6d and e shows the Lo
domain microarray which was incubated with solution of Alexa Fluor 488-
labelled CTB (CTB-488) for 1 h and washed with phosphate buffered saline
(pH. 7.4). The strong green fluorescence at P region illustrates that the CTB-
GM; binding processes are highly concentrated in these regions. These data
can be interpreted to the conjecture that preferential segregation of signal
lipids and accompanying protein sorting which are key factors for the

signaling event occurs at monolayer than bilayer morphology.



(a) FRAP (b) SPM + CHOL + TR-DHPE on the O-region

(1) P region

(2) G region

(3) O region

Scale bar : 50um

Figure 3.6 : Growth of lipid raft by monolayer-bilayer connectivity and
protein binding. (a) FRAP studies on the TR-DHPE molecules on the P (a.1),
G (a.2) and O (a.3) regions bleached with UV light (white dotted circle) for 1

min (the scale bar is 50 um). b,c, Epifluorescence images and corresponding

® 0o om o
Distance (um)

GM1 only GM1 + CTB-488

cross-sectional (yellow dotted lines) intensities as function of time of
supported binary membrane on patterned O region (b) and P region (c) using
heterogeneous membrane (33% SPM, 33% CHOL, 32% DOPC, 1% GM; , 1%
TR-DHPE). d,e), Selective reconstitution of the CTB-GM; binding process in
the Lo domain microarray (d) after incubation of solution of Alexa Fluor 488-
labelled CTB (CTB-488) for 1 h (e). (the scale bar is 50 um)

3.4 Discussion & Conclusion

In this study, Connective binary lipid membranes are implimented by
constructing connective appositional formation of lipid monolayer-bilayers
depending on the surface hydrophobicity. Author denotes ‘weak’
hydrophobicity which gives monolayer morphology and connective to the
bilayer. This is suitable for connective CBSM system. Controlled surface in a
systematic way associated with transfer of the residual low-molecular-weight

oligomers was established as function of temperature by giving ‘weak’
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hydrophobicity. After patterning the distinct patterns, the lipid morphology,
self-assembled into CBSM binary architecture without showing lipid-free gap,
is demonstrated membrane connectivity in direct comparisons with stamped
octadecyl-trichlorosilane self assembly monolayer (S-OTS SAM) from water
vapor to vesicle exposure test. It is found that raft components prefer to
locate on the ‘weak’ hydrophobic area. Exposure of raft mixture vesicle
consequently demonstrate the formation of Lo, domains and confirm by

selective binding of raft marker protein on the fluid CBSM.

Constructing binary lipid membrane in vitro requests not only
understanding of membrane formation on the solid supports and
physicochemical characters about surface of solid supports as well. Tamm and
McConnell [92] observed spontaneous adsorption of lipid films forming
continuous bilayers that are weakly bound to the surface through a 1-nm-thick
water layer. Thin water layer provides the fluidity of lipid molecules in
bilayers morphology and thus provide a bio-functional films. To construct
bilayer structure with ‘weakly’ bounded to solid surface, balanced forces
including hydration, electrostatic, steric and long ranged van der Waals force
are involved [56, 101]. Hence, for constructing monolayer structure, it is
essential to constructing ‘weak’ but enough to ‘strong’ to attract tail part of
lipid molecules. For reconstruction of CBMS morphology in vitro, appropriate
surface hydrophobicity is essential that has surface hydrophobicity stabilizing
the lipid in monolayer morphology. The interfacial free energy per unit area
(y1.-s) for lipid monolayer at a water-hydrophobic interface is reported to vary
between 50 and 19 mJ/m® [93]. Forming the connective appositional
formation of lipid monolayer-bilayer requires the ‘weak’ hydrophobic energy
which does not breaking balance with the surface tension of lipid molecules.
Several approaches have been attempted by lying hydrophobic ‘Barrier’ on

the hydrophilic surface and trying to construct binary membrane. However,



due to the too ‘strong’ hydrophobicity of barrier, there is the lipid-free gap
[82-86], separating the lipid monolayer domain from the bilayer domain at the
substrate boundary between the hydrophilic and the hydrophobic surface.
Therefore, it is essential that if there is ‘weak’ hydrophobicity (Type II;
Figure 3.1b) which allows not only fluid and connective membrane between
lipid monolayer and bilayer, but thickness of barrier (blue ‘W’ as shown in
Figure 3.1b) similar to that of lipid monolayer. It is found that S-PDMS,
known as residual low-molecular-weight oligomers (LMWOs) [86-88, 102,
103], does show ‘strong’ hydrophobic properties enough to form the lipid
monolayer and ‘weak’ hydrophobic ones (see the Table 2) to exhibit
connective and fluid binary structures as well. These characters are
demonstrated by compared with ‘strong’ hydrophobic barrier (S-OTS) as

shown in Figure 3.3 and Figure 3.4.

Biological membranes comprise multiple lipid components that segregate
into coexisting phase. Spatially controlled heterogeneity of the membrane
components exhibits biological phenomenon including signal transductions
and cell-cell recognition. Specially, the lipid rafts, composed of sphingolipids
and cholesterols giving the Lo domain showing heterogeneity on the cell
membrane, have been attract great attention due to its vital roles in many
biological functions. Owing to significant importance of reorganizing the
signal molecules in vitro system, reorganization of membrane components on
the fluid CBSM according to characteristics of the underlying solid surface
would give great interests. In the light of the above idea, we found the
preference of signal molecules, e.g. SPM and CHOL, on the ‘weak’
hydrophobic areas as shown in Figure 3.5. Our results can be interpreted the
comment the Park and Lee et al [93] mentioned. They pointed out the
hydrophobic energy as a source to transfer a molecule of lipid from the

hydrophobic surface to solution. This values is the interfacial free energies



per unit area(y) of monolayer at a water-hydrophobic interface. The range for
monolayer morphology has been reported to vary between 50 and 19 mJ/m?,
where the higher interfacial free energies (j) are associated with saturated
lipids and lower interfacial free energies were associated with unsaturated
lipids at the specific range. This means, it needs more energy to transfer of
saturated lipids from surface to solution. That is to say, saturate lipids prefer to
locate in more hydrophobic area. In our system, it is plausible for the SPMs to
be found at hydrophobic area, since it is well known saturated lipids. For the
CHOLs, we should solve the reason why they prefer the S-PDMS surfaces.
The hydrophobic character of cholesterol within the single monolayer is
obviously demonstrated by hydrophobic interaction with proximate
phospholipids, which leads to a liquid-ordered phase [99], but not for
interaction with hydrophobic polymer-water surfaces. Vlasova et al.
demonstrate that the affinity of hydrophobic compounds (cholesterol) for
hydrophobic surfaces is higher than for hydrophilic surface [100]. This results
are good accordance with our data. For our system, we postulated that the
orientation of CHOL molecules within the monolayer structure, the steroid
ring part that is major components for hydrophobicity of cholesterol are
expected to keep in contact with S-PDMS regions while hydrophilic
components of cholesterol toward water, facilitate the preference of
cholesterols at S-PDMS region. As a results, by showing the preference of
signal molecules on the hydrophobic regions, we report controlling the
reconstitution of the Lo domains in a selective manner by predefining
underlying surface energy using PDMS stamping (Figure 3.6). Our surface
hydrophobicity based approach differs from other methodologies to
accumulate Lo domains by Yoon at el [40], established to growing Lo domain
by locally modulating the surface curvature, and by Okazaki at el who

modulates the coverage of the surface by the polymeric bilayer domains [104].



The approach described here offers a new way of constructing connective
lipid membrane in model membrane system in vitro. Moreover, the CBSM
system would potentially be of significant interest as a useful platform for
understanding of phenomena occurring at the cell interfaces. Our CBSM
provides a practical route to mimic the cellular environment by overcoming
the lipid-free gap between lipid monolayer and bilayer domain. Moreover,
incorporation of different classes of biomaterial such as DNA, living cell,
other signal proteins will lead more functional flexibility for studying
biochemical process. In particular, it gives the morphological reproduction of
fluid lipid-monolayer facing I.M.P. [2] which occupies one leaflet of
membrane as well (shown in the left illustration of the Figure 3.7a). Since it
is well known that Lo domains are primarily formed at the outer leafleat of
native living cell membrane, reconstructing of the CBSM systems with inner
leaflet-substitutable materials are indispensable for understanding the
interaction between outer and inner leaflet within bilayer morphology as well
as the formations of Lo domain. By substituting the 1.M.P., our CBSM system
will open the new way to lipid sorting (shown in middle illustration of the
Figure 3.7a), specially for saturated lipids, and will be used for protein arrays
for raft proteins (shown in right illustration of Figure 3.7a). Not only
restricted on signal molecule events and protein induced re-
compartmentalization of outer leaflet, it can also applicable to understanding
the interleaflet dynamics of lipids in cellular membranes as well. For example,
our CBSM system can mimic the signal transduction which occurs when a
signaling molecule activates a cell surface reorganization. In our case, the
I.M.P plays a signal molecule by approaching and involved in the one leaflet
of membrane. Sequential reorganization of membrane components, e.g. signal
lipids and raft proteins, result in raft formation as shown in Figure 3.7b. Our
CBSM system gives information about an interaction between lipids and

faced 1.M.P. which cannot be achieved through the conventional lipid binary
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structures due to the denaturation of membrane proteins when it come in
contact with solid supports [105] at the in vitro system. Therefore, the CBSM
structures of the heterogeneous lipids will hold promise of a new class of
functional devices range from signal transduction, chemical and biological
analysis/detection, and materials engineering with target protein [97, 105,
106].

a
( ) Living cell membrane Supported model membrane
(In Vivo) . ) (In Vitro)
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Figure 3.7 : A model for hydrophobicity-mediated lipid raft formation. (a)
Possibility of mimicking the Integral monotopic protein (I1.M.P) on the living
cell membrane (left; in vivo) by reconstituting connective model membrane

(middle, in vitro) used for protein arrays for raft proteins (right, in vitro). (b)
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Plausible mechanism of raft formation for signal transduction which occurs
when a signaling molecule activates a cell surface reorganization. The I.M.P
plays a signal molecule by approaching and involved in the one leaflet of
membrane. Sequential reorganization of membrane components, e.g. signal

lipids and raft proteins, result in raft formation
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Materials & methods

Fabrication of PDMS mold stamp. Before coating the photoresist, the glass
substrate was immerged in acetone for more than 30min followed by in
deionized (DI) water for 10 min. Whole cleaning process were performed in
the standard ultra-sonicator at room temperature. After blowing with N2 gun,
standard negative photoresist (SU-8 2050, MICROCHEM) was spun onto the
glass substrate according to the vendor’s instructions. The coated glass was
aligned and exposed through a photo-mask using a mask aligner (MA-6,
EVG). After exposure process, SU-8 patterning process was performed giving
the film thickness of 50 um. The elastomeric material, Sylgard 184 silicone
elastomer (Dow Corning Corp.) mixed with curing agent in a 10:1 ratio, was
poured onto the mold and subsequently cured for more than 3h at 80 C.

Formation of SLBs and an imaging method. The phospholipids, used as a
base for the formation of the supported LMs, were 1,2-dioleoyl-sn-glycero-3-
phoph-ocholine (DOPC). For imaging the supported LM, a negatively
charged lipids labeled with red fluorescent dyes, texas red 1,2-
dihexadecanoyl-sn-glycero-3-phosp-hoethanola-mine (TR-DHPE, Molecular
Probes, Eugene, Oregon) were mixed with DOPC at 1 mol%. The cholesterol,
and two kind of fluorescence NBD labeled at head and tail group of
cholesterol, 5-cholesten-3R-0l 6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]
caproate (NBD labeled at Head group) and 25-[N-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)methyllamino]-27-norcholesterol (NBD-labeled at tail
group), N-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sphing
osine-1-phosphocholine (NBD-SPM; NBD labeled at tail group of SPM), 1-
palmitoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-

glycero-3-phosphoserine (NBD-PS; labeled at tail group of PS), 1-palmitoyl-



2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-

phosphoethanolamine (NBD-PE; NBD labeled at tail group of PE), and
ganglioside  (GMy; brain, ovine-ammonium salt) were purchase from from
Avanti Polar Lipids (Birmingham, Alabama). These lipids mixed according to

their purpose.

Table 3. The compositional properties of each membrane mixture

Membrane Membrane composition
types

M1 33% SPM, 33% NBD-CHOL, 32% DOPC, 1% GM; and 1% TR-
DHPE

M2 33% SPM, 33% NBD-CHOL, 33% DOPC and 1% GM;

M3 33% NBD-SPM, 65% DOPC, 1% GM; and 1% TR-DHPE

M4 33% NBD-CHOL, 65% DOPC, 1% GM, and 1% TR-DHPE

M5 33% NBD-PE (or NBD-PS), 65% DOPC, 1% GM; and 1% TR-
DHPE

M6 33% SPM, 33% CHOL, 32% DOPC, 1% GM,, and 1% TR-DHPE

All lipid mixtures were dissolved in chloroform. The rapid solvent exchange
method[107] was employed to evaporate chloroform and to hydrate with Tris
buffer (100 mM NaCl and 10 mM Tris at pH. 8.0) simultaneously. Small
unilamellar vesicles (SUVs) were produced by extruding 20 times through a
50 nm filter. The residual SUVs remained in the tris buffer solution were

removed with the DI water after the supported LM was formed after the
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substrate was exposed to the SUVs solution for 5 min The Texas red lipids
were monitored using an epifluorescence microscopy (Eclipse E600-POL,
Nikon). Whole processes were performed in room temperature

Preparation of S-PDMS pattern. In order to prepare a glass substrate having
hydrophilic surface property, it is immersed in piranha solution (3:1 (v/v)
H,S0,4:H,0,) at 120 °C for more than 10 min followed by ultra-sonication in
DI water for 10 min. The PDMS mold mentioned above is placed on the
cleaned glass. The contacted PDMS mold and glass are heated at 200 C for 3
min using standard hot plate in order to make distinct S-PDMS transfer from
PDMS mold. After heating, the PDMS mold is gently removed from the
hydroxylated glass.

Formation of CBSM membrane on the S-PDMS surface. Schematic
illustration of fabrication process for CBSM (Figure 3.8) where patterned
PDMS molds were used for reconstituting lipid bilayer-monolayer structures
with single vesicle rupture process. The glass was piranha cleaned to giving
hydrophilic surface by formation of hydroxyl (-OH) group on it. Selective
stamping was achieved with photolithographic patterned master. The pattern
consisted of 50 um x 50 um square areas standing out 50 um from PDMS
stamp were contacted with hydroxylated glass (Figure 3.8a) and subsequent
peeling process (Figure 3.8b) gives a selective square patterning of S- PDMS
on the glass. Note that the S-PDMS, residual low-molecular-weight oligomers
transferred from the PDMS mold, alters the surface property from hydrophilic
to hydrophobic. In other word, the regions for lipid bilayer formation changed
into that for lipid monolayer. In this way, we can reconstitute self-assembly

CBSM with a single step of vesicle exposure to S-PDMS patterned glass



(Figure 3.8(c) and (d)).The phospholipids, used as a base for the formation of
the CBSM cell, were 1,2-dioleoyl-sn-glycero-3-phoph-ocholine (DOPC,
White headgroup in Figure 3.8(d)) and negatively charged lipids labeled with
red fluorescent dyes, texas red 1,2-dihexadecanoyl-sn-glycero-3-phosp-
hoethanola-mine (TXRD-DHPE, Red head group in Figure 3.8(d)) mixed
with the ratio of 99:1

Formation of OTS SAM (S-OTS) on the prepared PDMS. To make the
octadecyltri-chlorosilane (OTS) on the PDMS surfaces, we dipped PDMS
mold into a toluene-based-10 mM OTS solution for more than 5 min at room
temperature followed by immerging at toluene solution (100%) for washing
for 10 min. After blowing with N2 gun, Immerged OTS SAM coated PDMS
is dried on the hot plate for more than 5 min to evaporate residual toluene
solvent absorbed in the PDMS mold [108].

Application of the electric field. Pt wire was used as an electrode. 45 V/cm
direct current field was applied through the standard power supply. The length
of each electrode on the opposite side was 1.5 cm. The measurements of the
fluorescence intensity molecules in supported lipid membranes were carried
out using an image analyzing program of Image J (National Institute of
Mental Health, USA).



(a) contact the PDMS stamp (b) R stamp

Stamped
material

(c) Vesicle exposure (d) Lipid Bi-Monolayer formation
9 ®
B
_RRPeeRR
134 [ 84

DOPC ﬁ
S-PDMS: Stamped PDMS, Texas Red DHPE R

Figure 3.8 : Reconstitution process for CBSM. (a) Glass cleaning with
Piranha solution followed by contacting with periodically patterned PDMS

mold at 200°C for 3 min. (b) PDMS mold removal. The S-PDMS residues

on 50 um x50 um square areas standing out 50 um from PDMS stamp

transferred into the cleaned glass. c,d) Vesicle exposure to S-PDMS
patterned glass (c) and self-assembly formation of CBSM (d). Steps c,d are
performed in deionized (DI) water. Crossectional schematic illustration of
CBMS is shown in inset. The geometrical parameters of CBSM cell are the
thickness of the lipid layer (L) and that of S-PDMS molecules (h). The
phospholipids, used as a base for the formation of the CBSM cell, were
DOPC (White head group) and TXRD-DHPE (Red head group) mixed with
the ratio of 99:1.
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Surface tension calculations. Young’s equation (y,cos0 = s, - vs) describes
the thermo-dynamic equilibrium of the three surface tensions related to a
droplet of liquid on a surface : vy, ysand vy, where the subscripts sv, sl, and Iv
refer to the solid-vapor, solid-liquid, and liquid-vapor interfaces, respectively.
Only two of the parameters in Young’s equation (y,, and @) are easily
measured or obtained, which leaves on equation and two unknowns (ys, and
vs1)- TO more easily determine solid-vapor surface tension (ys,), an equation of

state of interfacial tensions has been developed:

_ _ 2
Ya = Vi Yo = 2V Vg e PO (1)
When this equation is combined with Young’s equation, the following

equation is obtained:

cosf =—1+2 :I/ﬂe_ﬁ(ylv_)’sv)z )
v

Hence, if v, 6, and empirically derived parameter £ are known, then vy, is
also known. y,, was determined using a Microsoft excel that we wrote

employing values of 0.0001247 (mJ/m®)*for Band 72.8 mJ/m? for y, of water.
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Chapter 4. Intermolecular Behavior of Raft

Components for Raft Domain Formation

4.1 Introduction

The cellular membrane coordinates diverse lipids together with a large family
of proteins through the molecule transportations and reaction cascade in the
form of membrane heterogeneity and compartmentalization. Especially,
sterol- and sphingolipid-enriched domains, called rafts [26], attracted
enormous interest since they are believed to deeply related to pathogenesis of
incurable diseases (e.g. Alzheimer’s, Parkinson’s, prion, cardiovascular
disease, systemic lupus erythematosus and HIV [39]) and physiological
consequences in processes such as endo/exocytosis [28], cell deformation [29],
cell apoptosis [30], membrane trafficking [31], and domain organization [27].
Despite the significant roles in solving unconquered human diseases, former
studies established the information only to find the compositions, size, and
physical properties of lipid raft domains. This might come from that the
research of ‘lipid rafts’ was began from the discovery of the detergent-
insoluble raft domains [25]. Thus, research trend has been forced to
investigate relationship between raft domains and physiological processes and
their functions as pathogenesis [27-31]. Moreover, intrinsic characters of
nano-sized assembly [109] and their fluidic nature within lipid membrane
make it difficult to investigate and manipulate. A series of hypothetical
organized models have been investigated [110] to understand the
intermolecular behavior between raft components. Nevertheless, fundamental
concept about generating principles, governing factors, and their

intermolecular behavior between raft constituents which is critical for forming



the raft domains, are relatively lack of definitions and has not been
demonstrated experimentally so far.

4.2 Models of Raft Formation

Here, we assume the plausible hypotheses of generating principle of raft
domains as shown in Figure 4.1. Lipid raft domain could be the assembly of
‘raft-unit” which means the combinations of sphingomyelin (SPM; depicted in
red) and cholesterol (CHOL; depicted in blue) molecules as shown in left of
Figure 4.1. Nano-scaled ‘raft unit’ aggregates into spatial region of cell
membrane and result in highly packed and thicker [35] domain than
surrounding phospholipids. The combinatorial way of two constituents could
be categorized into two fashions. First of all, randomly floating individual
raft-units could coalesce at spatial regions and successive growth of this
assembly result in the Lo domain within the membrane. Author designates this
mechanistic generating principle as ‘Random Fashion’ as shown in Figure
4.1. Secondly, ‘Prescribed Fashion’ could be another plausible mechanism of
generating the Lo domains as shown in Figure 4.1b. Living cell may
prescribe the specific molecule-enrich domains at spatial position as the
programmed schedules for cell life. Consecutive intercalation of counter-
molecule into preformed specific molecule-enrich domains could be another
generating mechanism for densely packed raft aggregates. For examples, the
individual SPM molecule could intercalate into the CHOL-rich regions
(Figure 4.1b(i)) and opposite situation could happen. That is, individual
CHOL molecules diffuse rapidly intercalate into the SPM rich regions, also
called as SPM clusters, as shown in Figure 4.1b(ii). Actually, the CHOLs
tend to aggregate into cluster at CHOL to phospholipid mole ratios in excess

of 0.3 [111] and forms separate domains [112, 113] at ratios in excess of 1 (i.e.,
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Figure 4.1 : hypothetical scenarios of generating principle of raft domains.
The combinatorial way of two constituents could be categorized into two
fashions. (a) Random fashion; the coalescence of randomly floating individual
raft-units and successive growth into raft domains. (b) Prescribed Fashion;
intercalation of a molecules into counterpart molecule-enrich regions at
spatial position. (b.i) The SPMs intercalate into CHOL-rich region and (b.ii)
the CHOL s intercalations into SPM-rich regions.

50 mol% sterol) [114] by forming of CHOL-rich domains contributing both
physiologic and pathologic cellular process [115]. As another programed
domains, the evidence of SPM-rich domain formation in the absence of
CHOL also has been found due to hydrogen bonds between their headgroups
[116]. The cohesive intermolecular forces between SPMs and CHOLs,
derived from hydrogen bonding between the 3-OH group of CHOL and the
SPMs [117], lead intermolecular packing surrounded by unsaturated PC
molecules [118]. Therefore, our hypotheses of generating domains with
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‘prescribed fashion’ are not ridiculous, but probable scenarios for raft
compartmentalization. On the basis of the hypothesis models for
understanding principles behind the dynamics of intermolecular behaviors in
rafts formations, mimetic systems for specific molecule-rich domains is the
basic essentials for investigating the hypothesis of ‘prescribed fashion’.
Moreover, successive lateral diffuse of counter-molecule which would
intercalate into preformed specific molecule-enrich domains is a significant
requirement. Actually, the SPM and CHOL molecules inherently prefer to
locate at outer-leaflet of plasma membrane [110, 119] showing compositional
asymmetry between opposing lipid monolayers. Therefore, practical
reconstruction  maintaining the compositional heterogeneity and
compartmentalization of raft components in lateral and vertical would be
desirable. To meet the conditions, we present heterogeneous binary membrane
which keeps fluid and continuous properties on supported lipid bilayers
membrane (SLBM) by using the dry PDMS stamping method [88, 102]. This
method provides platforms not only by allowing mixing of distinct lipid
membrane only at outer-leaflet of SLBM, but by forcing them to meet at the
boundary that would help to understand the formative mechanism of the raft
domain. Our manipulation of raft domains is expected to play a crucial roles
for not only studying the fundamental biophysics, but also opening an

opportunities in medical science.

4.3 Reconstruction of Heterogeneous Membrane

Surface patterning of bio-molecules in aqueous environment has been
established to define the physicochemical and biological functions of cellular
constituents in variety field such as proteomics [120], genomics [121], drug

screening [122] and lipidomics [123]. Among them, patterning methods of



membrane constituents [4, 124, 125], particularly strategies for coalescence
into raft domains [40, 52], attract great attention due to their roles in varies
functions on cell life [27-30]. Thus, directive engineering of heterogeneous
constituents into binary pattern is essential for investigating our hypothetic
models into Lo domains. Since raft components are known to aggregate at
outer-leaflet of bilayer architecture in cellular membrane, it would be
desirable if we phase-separate Lo domains at the outer-leaflet of membrane in
vitro for biomimetic purpose. Here, we present a microfluidic based
membrane arrays which enable mixing of heterogeneous raft components at
the outer-leaflet of membrane system keeping connectivity between
monolayer (M) and bilayer (B) morphologies. The PDMS mold plays
bifunctional material. Firstly, it guides the vesicle along the channels to form
the lipid bilayer structure at restricted regions as shown in Figure 4.la.
Secondly, it also works as a stamp to modify the chemical properties of
PDMS-contacted regions from hydrophilic to hydrophobic which is proper for
M morphologies by transferring residual-PDMS (R-PDMS; depicted in dark
gray at Figure 4.1a) [87, 88, 102, 103] as well.

The vesicles composed of green fluorescent dyes, 4-(4-(didecylamino)styryl)-
N-methylpyridiniumiodide (D291) and 1,2-dioleoyl-sn-glycero-3-phoph-
ocholine (DOPC) at the molecular ratio of 1:99. Author already describes how
the surface energy of R-PDMS transferred glass can be modified to find
surface hydrophobicity at which reconstitutions of supported lipid monolayer
at previous papers [89, 126]. The fabrication process of R-PDMS transferred
glass was explained at Methods in detail. Briefly, before the contact with dry
PDMS channel, a glass substrate was first cleaned with a solution of piranha.
The PDMS preferentially transfers onto more hydrophilic surfaces due to the
hydrolysis reaction of PDMS material with hydroxyl (-OH) group on glass

[87, 88]. Piranha cleaned glass was contacted to PDMS mold and subsequent
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Figure 4.2 : microfluidic based heterogeneous membrane arrays. (a)
Representative schematic illustration of bilayer membrane showing opposing
two monolayer, outer-leaflet (O) and inner-leaflet (1) by injecting vesicle
mixture (D291:DOPC=1:99). (b) Detaching the PDMS mold leaving residual-
PDMS (R-PDMS) on mold contacted regions. Standing bilayer membranes
are surrounded by R-PDMS barriers. (c) The backfilling of secondary vesicle
mixture (TR:DOPC=1:99) on R-PDMS regions representative monolayer
architecture. (d) Membrane mixing across the membrane only at the O-layer
while molecules at I-layer displaying confined diffusion. (e-f) Microscopic
pictures (top) and schematic illustrations (bottom) of membrane configuration

along the cross-sectional area at each step. Scale bar, 100 um.
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exposure to hotplate at 200°C for 3 min. Author have found that temperature

can vary the surface hydrophobicity at previous paper [89]. Author uses micro
channel that 100 um periodically apart. That is to say, width of B region and
M regions are identical at the value of 100 um, respectively. Through the
vesicle rupture process, the channel-guided bilayer membrane are achieved
showing opposing two monolayer, outer-leaflet (O) and inner-leaflet (I), as
shown in Figure 4.2a. Patterned bilayer membrane surrounded by R-PDMS
region is obtained as shown in Figure 4.2b. Microscopic picture (top) and
schematic illustration (bottom) of membrane configuration along the cross-
sectional area are shown in Figure 4.2e. As next step, the voids can be refilled
by fusion of secondary lipid vesicles (Figure 4.2¢c) composed of labeled with
red fluorescent dyes, TR and DOPC at the molecular ratio of 1:99.
Fluorescence data show the existence of distinct bilayer (D291+DOPC; green)
and monolayer (TR+DOPC; red) membranes without any disruptions as
depicted in Figure 4.2f. Membrane mixing of D291 (green) and TR (red) is
represented by color of ‘purple’ as shown in Figure 4.2d. Continuous and
consequent membrane mixing is demonstrated by fluorescent micrograph of

the distinct two regions taken after 50 min (Figure 4.2g).

4.3.1 Membrane Mixing

In order to verify the mixing process occurs only at the outer-leaflet
of membrane, diffusive characters of each membrane (green for Bi, red for
Mono) was represented (Figure 4.3). In these experiments, we use PDMS
pattern consisted of 100 um width walls at the intervals of 150 um. The green
membrane (width of 150 um) expressed through the microfluidic channel, and
consequent backfilling of red membrane (width of 100 um) were performed.
Thus, the D291 starts to move from B to M (Figure 4.3a.i) while the TR



moves from M to B (Figure 4.3a(ii)). The data demonstrate the mixing
properties of both dye-labeled molecules without any ‘lipid-free’ gap [82, 83].
Interestingly, distributive character of D291 molecules are differs from that of
TR during the sufficient mixing time (t = 3days). Time-lapse reorganizations
show that TR molecules located at the outer-leaflet of membrane move freely
both on bilayer and monolayer regions result in uniform fluorescent intensity,
while the D291 molecules don’t shown uniform distribution as shown in
Figure 4.3a. The presence of R-PDMS region prevents D291 molecules that
positioned at inner leaflet of bilayer from mixing while the identical
molecules locating on outer-leaflet can diffuse without any obstacles. This
confirms the mixing of two kinds of dye-labeled molecules occurs only at the
outer-leaflet of membrane shown at our previous paper [89]. Author also
verified the membrane fluidity through the fluorescence recovery after photo-
bleaching (FRAP) studies [4] with the 1 mol% TR molecules included
membrane at 99 mol% DOPC lipids both on bilayer and monolayer regions
showing distinct intensity at the ratio of ~1.74 (B/M) which is similar with
Howland et al [83]. Our FRAP studies indeed confirm that fluidity of the
binary membrane are completely preserved in the bilayer region (Figure
4.3b.i), the diffusion coefficient of 1.06 + 0.1 um?/s) and in monolayer region
(Figure 4.3b.ii, the diffusion coefficient of 0.375 * 0.05 pum?/s) at room

temperature (RT), respectively.
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Figure 4.3 : Lateral diffusion across the distinct membrane. (a) Time-lapse
diffusion characters of the D291 (a.i) and the TR (a.ii) involved membrane
and corresponding fluorescent profiles along the yellow dotted lines at each
time value. The micrographs show that D291-involved membrane
(D291:DOPC=1:99) were firstly expressed in the form of bilayer and
consequently move to monolayer while secondary expressed TR-involved
membrane (TR:DOPC=1:99) diffuse from monolayer to bilayer. (b) The
FRAP test in distinct membrane morphology representing diffusion
coefficients of 1.06+0.1 um?/s for bilayer (b.i) and 0.375 + 0.05 pum?%s (b.ii)
for monolayer at RT, respectively. Note that the wvesicle mixture

(TR:DOPC=1:99) on both morphology is identical. Scale bar, 100 um.
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4.3.2 Lateral Mobility of Signal Lipids

On the basis of the outcomes made above, diffusive characters of two
key molecules, SPMs and CHOLs, were implemented on bilayer and
monolayer structure, respectively. Prior to exam which hypothetic model is
probable, lateral mobility of key molecules on the solid support both on
bilayer and monolayer membrane are critical. Our connective binary
supported membrane (CBSM) [126] would be useless if no lateral mobility of
SPMs and CHOLs are detected. Furthermore, in order to verify ‘Prescribed
Fashion’ which is one of plausible mechanism of generating the Lo domains
as shown in Figure 4.1b, CHOLs-rich (or SPMs-rich) region are prerequisites
for our system. It is well known that below the transition temperature (T,),
lipid matrix contains clusters of closely packed molecules [127, 128]. Author
performed FRAP test at RT that is below the T, of SPMs (T, =40C) [127] and
that of CHOLs (T;=41C) [128], assuming the membrane below the T,of two
signal molecules would contain clusters of closely packed domains. For
example, SPM-rich membrane means the cluster of SPMs are abundant at RT.
Thus, interpreting the distributive properties of dye-labeled SPMs (NBD-
SPMs) and CHOLs (NBD-CHOLSs) could give the information of diffusive
characters within SPM-rich and CHOL-rich membrane, respectively. The
molecular structure of NBD-labeled SPMs and CHOLSs are shown in Figure

4.4a and b, respectively.

First of all, the vesicles mixture (33% NBD-SPMs, 66% DOPC, 1 %
ganglioside GM1) were exposed to PDMS stamped supports as shown in
Figure 4.4a. Author observed that the diffusion coefficient of NBD-SPMs on
the monolayer region (Dspm-mono= 1.75 £ 0.5 umzls) and on B region (Dspm-
= 2.66 + 0.75 um?/s) at RT, respectively (Figure 4.4a). FRAP measurements
reveal that both bilayer and monolayer are independently fluid exhibiting

probe diffusion coefficient of (~1-3 um%s) in excellent agreement with
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previous papers [129, 130]. Secondly, the mixture membrane (33% NBD-
CHOLs, 66% DOPC, 1 %, GM;) shows similar mobile characters on both
regions. Actually, the CHOLSs tend to aggregate into cluster at cholesterol to
phospholipid mole ratios in excess of 0.3 [111] and forms separate domains
[112, 113] at ratios in excess of 1 (i.e., 50 mol% sterol) [114] by forming of
CHOL-rich domains contributing both physiologic and pathologic cellular
process [115]. Author needs to prepare the vesicles that contain cholesterols
over 50% for separated domains. However, it is inherently impossible to form
supported lipid membrane due to the non-rupture process of vesicles.
Negative intrinsic curvature of CHOLs prohibits vesicle to rupture on

supports if it contains CHOLSs over 40% of vesicle mixture [131].



FRAP Test

a) Diffusion of NBD-SPM:DOPC:GM1 (33:66:1) at
(i) Monolayer == Dsemmono= 1.75 % 0.5 um’/s

N

)
mnéﬁ
s>j><§
i
!
% (ii) Bilayer =~ = Dsem.ai=2.66 0.7 um?/s

H
N

NN

300s
50

b) Diffusion of NBD-CHOL:DOPC:GM1 (33:66:1) at
(i) Monolayer == DcuoLmono= 0.92 £ 0.3 um?/s

"

(i) Bilayer == Dcuosi=1.61%0.6 um?/s

Figure 4.4 : Diffusive characters of SPMs and CHOLs on our CBSM.
Molecular structures and diffusion properties of dye-labeled SPM (33% NBD-
SPMs, 66% DOPC, 1 % GM1) and dye-labeled CHOLs (33% NBD-CHOLs,
66% DOPC, 1 % GM1) involved membrane. (a) Diffusion coefficient of
NBD-SPMs on the monolayer region (a.i; Dspymmono= 1.75 £ 0.5 umzls) and

on bilayer region (a.ii; Dspm.s1 = 2.66 + 0.75 um?/s) at RT, respectively. (b)
Diffusion coefficient of NBD-CHOLSs on the monolayer region (Dspm-mono=
1.75 + 0.5 um?%s) and on bilayer region (Dspm-gi= 2.66 + 0.75 um?%s) at RT.
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Therefore, we use 33% of CHOLs were used for our system. The diffusion
constant of NBD-CHOLSs on the M region is value of Dcyor-mono= 0.92 + 0.3
umZ/S, while on the B region shows the value of Dcyopgi= 1.61 + 0.6 umZ/s,
which also great accordance with the value of previous experiments [127,
128]. These data underscore the diffusivity of raft constituent lipids is mobile
both on bilayer and monolayer region on the model membrane. Especially,
mobility of both molecules on the B regions is more diffusive than on the M

regions at the ratio of ~ 1.6 (Dg)/Dmono) through sufficient data (n=20).

4.4 Interactive Behavior of Raft Components

4.4.1 Cholesterol Intercalation into Sphingomyelin-rich

Domain

To test which hypothetic model among the ‘Prescribed Fashion’ is
dominant, diffusive behavior of two raft constituents are implanted on our
CBSM. Interactive behavior between two molecules, SPMs and CHOLs,
might be monitored at the boundary of bilayer and monolayer region. This is
because the TR molecules are strongly excluded in the course of nanorafts-
coarsening process [40]. Therefore, the location of Lo domains are monitored
through the distribution of the TR-DHPE, and this shows the intermolecular
behavior between two raft components. The vesicles mixture (33% CHOLSs,
65% DOPC, 1% GM1, and 1% TR) were injected to micro channels while
PDMS mold contacted to the hydrophilic substrate as they form the
membrane in bilayer structure. After detaching the mold in water, secondary
mixture (33% SPMs, 65% DOPC, 1% GML1, and 1% TR) were consequently
backfilled with generating the monolayer lipid film on the R-PDMS.

Interestingly, the distribution of Lo domains generated at the boundary (t =



36h) decreases as it close toward SPM rich regions. This clearly means the
fact that the raft formation is much faster at the boundaries and
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Figure 4.5 : the intermolecular behavior between two raft components. (a)
Phase behavior by mixture between 1% membrane (33% CHOLSs, 65% DOPC,
1% GM1, and 1% TR) and 2" membrane (33% SPMs, 65% DOPC, 1% GM1,
and 1% TR). Green dyed CTB (CTxB-488) were introduced at t = 36 h.
(b)The fluorescent intensity profiles along the line a-a’(yellow dotted line) as
function of distance. (c) Schematic illustrations of raft formation before (t =0
h) and after (t=36h) membrane mixing across the membrane. (d) The
fluorescent micrographs of distinct membrane before (t = 0 h) and after (t =
36 h) membrane mixing across the membrane and protein binding between
CTB-GML. (e) Fluorescent intensities of TR and CTxB-488 as function of
distance and (f) Schematic illustrations of raft formation before (t = 0 h) and
after (t = 36 h) membrane mixing across the membrane at RT. Note that the
raft domains are formed at SPM-rich membrane. Scale bar, 50 um.
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generative ratio gradually decreases near the center of M regions (Figure
4.5a). The specific bindings of green dye-labeled cholera toxin unit B (CTxB-
488) to glycolipid receptor GM,, confirm that the black domains indicate the
raft domains. Figure 4.5b shows the distributions of TR and CTxB-488 across
boundary. The direct comparison of corresponding cross-sectional intensities
along the line a-a’ (yellow dotted) as function of distance supports our
conclusion (Figure 4.5b). Abrupt increase (for TR) and decrease (for CTB) of
fluorescent intensities at the boundary between bilayer and monolayer are
monitored. This phenomenon could be interpreted with the result that the
molecule at B region intercalates into M region. That is, CHOLSs intercalate
into SPM rich regions as depicted in Figure 4.5c. Accumulation of raft
domains at the boundary is observed through the time-lapse fluorescence
microscopy in vitro. The diametrical experiments were performed to convince
our interpretation. The vesicles mixture (33% SPMs, 65% DOPC, 1% GM1,
and 1% TR) were prepared, followed by backfilling the secondary mixture (33%
CHOLs, 65% DOPC, 1% GM1, and 1% TR). Lo domains are expectably
observed at the boundary between bilayer and monolayer regions. However,
the distributive formation of Lo domains is obviously opposite as shown in
Figure 4.5d. The distribution of Lo domains generated at the boundary (at t =
36h) also decreases as it close toward SPM rich regions. The CTxB-488
binding to Lo domains confirms that Lo domains are generated at SPM rich
regions. The cross-sectional profiles (Figure 4.5e) obviously support the

intercalation of CHOLSs into SPMs as shown in Figure 4.5f.
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Figure 4.6 : Growth of lipid raft and protein binding. (a-c)Time-lapse phase
separation by formation of raft domains at the boundary and (d,e) protein
binding. The vesicles mixture (33% SPMs, 65% DOPC, 1% GM1, and 1% TR)
were prepared, followed by backfilling the secondary mixture (33% CHOLs,
65% DOPC, 1% GML1, and 1% TR). The growth of lipid raft was observed by
direct comparison of micrographs at t=18h (b) and t=36h (c). Diffusive
character of CTxB-488 confirms that the raft domains accumulate at the
boundary of distinct membrane and represented in graph at (f). Scale bar, 50
pum.
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4.4.2 ‘Prescribed fashion’ vs ‘Random fashion’

As another plausible formative mechanism, ‘Random Fashion’ was
implemented. Author already designates that assembly of floating individual
raft-units at random spots with performing a role as building blocks of the Lo
domain. Author prepares the raft mixture (32.5% CHOLSs, 32.5% SPMs, 33%
DOPC, 1% GML1, and 1% TR) which contains both of SPMs and CHOLSs to
form a set building block, designated as raft-unit that signifies the compaction
of single SPM and CHOL. Previous studies [28, 35, 52] have observed the
conventional isolated and island-type raft (ITR) patterns on the planar
substrate, postulating that raft-unit aggregate at random spot due to uncertain
reasons. Author already demonstrates the plausible scenario, ‘Prescribed
Fashion’, which comes from the intercalation of CHOL into SPM clusters as
mentioned above. To test whether which formative scenario for raft domains
is dominant, we prepare the heterogeneous membrane that composed of SPM
enrich membrane and ‘Raft-unit’ rich membrane. First of all, we introduce
SPM mixture (33% SPMs, 65% DOPC, 1% GM1, and 1% TR) to
microfluidic channel for SPM enrich membrane (Figure 4.7a). After
consequent backfilling of R-PDMS region with raft mixture for 36h, they
show expected phase separation (Figure 4.7b.i) at the SPM membrane-sided
boundary by CHOL intercalation as mentioned above. The CHOL molecules
included in raft mixture (t = 0 h; inset) move to SPM rich membrane and
result in black domains by expelling the TR molecules at the boundary Figure
4.7b.ii). Interestingly, ITR patterns in random fashion are observed at SPM

rich membrane (Figure 4.7b.iii). The specific bindings of CTxB-488 confirm
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that distinguishable black patterns are Lo domains (Figure 4.7b iv-vi). These
ITR patterns were not observed at all through the experiments for ‘Prescribed
fashion’ as separation occurs at the SPM membrane-sided boundary (e.ii &

e.v) due to the intercalation of CHOLs from B to M region.
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Figure 4.7 : (a) Schematic diagram of before (t = 0 h) mixing of distinct
membrane that was prepared with the vesicles mixture (33% SPMs, 65%
DOPC, 1% GM1, and 1% TR), followed by backfilling the secondary raft
mixture (32.5% CHOLs, 32.5% SPMs, 33% DOPC, 1% GM1, and 1% TR).
(b) Fluorescent Microscopic pictures of TR (top; i-iii) and CTxB-488 (bottom;
iv-vi) after mixing membrane constituents (t = 36 h). Expected phase
separation occurs at the SPM membrane-sided boundary (b.ii & b.v) due to
the intercalation of CHOLs from M to B region. The phase behavior at t=0h
was shown in inset. (b.iii & b.vi) Unexpected island-type raft (ITR) domains
are observed at random location. (c) The schematic illustrations of two type of

raft domains one at boundary and another at SPM-rich (=bilayer) membrane.
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(d) Schematic diagram of membrane conformation by raft mixture (32.5%
CHOLs, 32.5% SPMs, 33% DOPC, 1% GM1, and 1% TR), followed by
backfilling the secondary SPM mixture (33% SPMs, 65% DOPC, 1% GM1,
and 1% TR). (e) Microscopic graphs of TR (top; i-iii) and CTxB-488 (bottom;
iv-vi) after mixing membrane constituents (t = 36 h). Expected phase The
phase behavior at t=0h was shown in inset. (e.iii & e.vi) Random distribution
of ITR domains observed in M region demonstrated by binding of CTxB-488.
(f) Hlustration of two type raft domains both on SPM-rich (=monolayer)

membrane. Scale bar, 100 pum.

Shown in Figure 4.5, author interprets that these submicron scaled ITR
domains comes from the assembly of building blocks which should be
distinguished from CHOL intercalation directed domain formation at the
boundary. The CHOL molecules located at R-PDMS regions (t = 0 h) move to
SPM rich regions due to the osmotic pressure. The molecular ratio of CHOLsS
within distinct membrane makes them diffuse from monolayer to outer-leaflet
of bilayer regions (t = 36 h) as shown in Figure 4.7c. Two type of raft
domains were generated at different locations, one at boundary and another at
SPM-rich (=bilayer) membrane. Author concludes former comes from
‘Prescribed Fashion’, and latter occurs due to ‘Random Fashion’. Our findings
were verified by diametrical experiment with changing the order of lipid
mixtures. As depicted in Figure 4.7d, raft mixture were expressed first,
followed by backfilling of R-PDMS regions with SPM mixture. The
fluorescent micrograph shows two distinct raft domains (Figure 4.7e.i). The
SPM membrane-sided line-shaped rafts are the first one (Figure 4.7e.ii), and
ITR domains at SPM rich membranes are next (Figure 4.7e.iii). Binding of
CTxB-488 demonstrate that these black domains are raft aggregates (Figure
4.7b iv-vi). Since our CBSM system allows the diffusion of CHOLs from



bilayer to monolayer, both of ITRs and raft domains at boundary are observed

at monolayer region.

4.5 Discussion & Conclusion

To understand the role of rafts and derived physiological processes including
the unconquered diseases, a characterization of dynamic behavior between
raft components is essential. As an effort to reconstitute of raft domain, spatial
manipulation of diffusive single rafts into Lo domains have been investigated
in the basis of physicochemical and biological comprehensions both in vivo
and in vitro. Previous studies figured out that raft are composed of
sphingolipids, sterols, and raft proteins. However, the intermolecular behavior
between key constituents of raft domain has been remained to be obscure. In
particular, no researches have answered the questions such as ‘how the raft
components are packed?’ or ‘how the CHOL plays a role as glue for packing
the sphingolipids for raft aggregates?” The approach described here offers
plausible scenarios of formative mechanism in raft domain followed by series
of experimental results on the solid supports based on hypothetical organizing
mechanisms. Author uses the CBSM system which also offers expression of
distinct membranes and allows mixing membrane components at the
boundary of monolayer and bilayer architectures. This systematical platform
provides an opportunity to understand interactive behaviors of two key raft
components. Through the experiment of the ‘Prescribed Fashion’, we found
that intercalation of CHOLs into SPM enrich membrane is prerequisites for
forming raft domains. The mixing behavior between the CHOL rich and SPM
rich membrane provides information that generation of Lo domains requires
intercalation of CHOLs into preformed SPM clusters. Since the rafts are

thought to form by self-association of sphingolipids because of their long and
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saturated hydrocarbon tails [109], our data demonstrate the existing
assumption for the first time that the voids between the frame supports, made
of hydrocarbon chains caused by the rather bulky headgroups of sphingolipids,
would be filled by cholesterols [132-134]. The CHOL molecules has known to
essential for formation, the precise nature of their intermolecular behavior
with sphingolipids has been unclear before our finding of CHOL intercalation

to SPM enrich regions so far.

In this thesis, we could conjecture that raft aggregates and resultant
domain formation could occur through two distinct fashions. The first one is
the intercalation of CHOL into SPM clusters. The growth of raft domains
toward the SPM enrich membrane elucidate the intercalative diffuse of
CHOLs to SPM rich area and consecutive accumulation of raft unit and
resultant raft domains. Secondly, the assembly of units of raft at random spot
into micro scaled domains could be one another, as they play as building
blocks of house. Author defines former as ‘Prescribed fashion’, and later as
‘Random Fashion’. To figure out which fashion is dominant remains to our
later work. However, our findings are expected to offer information how to
prevent them to aggregates and help to take precautionary measures to avoid
raft domain-induced disease such as Alzheimer’s, Parkinson’s, prion,
cardiovascular disease, systemic lupus erythematosus and HIV [39].
Incorporation of different classes of biomaterial such as DNA, living cell,
other signal proteins will lead more functional flexibility for studying cellular
activities to understand not only signal process if it incorporated with raft
proteins, but cellular communications which require mixing between

heterogeneous membranes.
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Materials & methods

Fabrication of PDMS mold stamp. Before coating the photoresist, the glass
substrate was immerged in acetone for more than 30min followed by in
deionized (DI) water for 10 min. Whole cleaning process were performed in
the standard ultra-sonicator at room temperature. After blowing with N2 gun,
standard negative photoresist (SU-8 2050, MICROCHEM) was spun onto the
glass substrate according to the vendor’s instructions. The coated glass was
aligned and exposed through a photo-mask using a mask aligner (MA-6,
EVG). After exposure process, SU-8 patterning process was performed giving
the film thickness of 50 um. The elastomeric material, Sylgard 184 silicone
elastomer (Dow Corning Corp.) mixed with curing agent in a 10:1 ratio, was

poured onto the mold and subsequently cured for more than 3h at 80C.

Formation of SLBs and an imaging method. The phospholipids, used as a
base for the formation of the SLBs, were 1,2-dioleoyl-sn-glycero-3-phoph-
ocholine (DOPC). For imaging the SLBs, a negatively charged lipids labeled
with red fluorescent dyes, texas red 1,2-dihexadecanoyl-sn-glycero-3-phosp-
hoethanola-mine (TR, Molecular Probes, Eugene, Oregon) and green
flurescent dyes, 4-(4-(didecylamino)styryl)-N-methylpyridinium iodide (D291,
Avanti Polar Lipids, Birmingham, Alabama) were mixed with DOPC at 1
mol%, repectively. The cholesterol, and two kind of fluorescence NBD
labeled at head and tail group of cholesterol, 5-cholesten-3R-ol 6-[(7-nitro-2-
1,3-benzoxadiazol-4-yl)amino]caproate (NBD labeled at Head group) and 25-
[N-[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]amino]-27-norcholesterol

(NBD-labeled at tail group), N-[12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]dodecanoyl]-sphingosine-1-phosphocholine  (NBD-SPM; NBD
labeled at tail group of SPM), and ganglioside (GM; ; brain, ovine-
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ammonium salt) were purchase from Avanti Polar Lipids (Birmingham,
Alabama). These lipids mixed according to their purpose. All lipid mixtures
were dissolved in chloroform. The rapid solvent exchange method [107] was
employed to evaporate chloroform and to hydrate with Tris buffer (100 mM
NaCl and 10 mM Tris at pH 8.0) simultaneously. Small unilamellar vesicles
(SUVs) were produced by extruding 20 times through a 50 nm filter. The
residual SUVs remained in the tris buffer solution were removed with the DI
water after the SLBs was formed after the substrate was exposed to the SUVs
solution for 5min The Texas red lipids were monitored using an
epifluorescence microscopy (Eclipse E600-POL, Nikon). Whole processes

were performed in room temperature.

Formation of binary supported membrane on the R-PDMS surface. The
glass was piranha cleaned to giving hydrophilic surface by formation of
hydroxyl (-OH) group on it. Selective stamping was achieved with
photolithographic patterned PDMS mold. The pattern consisted micro channel
that 100 um periodically apart, standing out 50 um from PDMS stamp were
contacted with hydroxylated glass. Injection of first vesicle mixture along the
micro channel result in bilayer membrane, and subsequent peeling process
gives a selective patterning of bilayer membrane surrounded by R-PDMS
regions. Note that the R-PDMS, residual low-molecular-weight oligomers
transferred from the PDMS mold, alters the surface property from hydrophilic
to hydrophobic. In other word, the regions for lipid bilayer formation changed
into that for lipid monolayer. Secondary backfilling of R-PDMS regions with
secondary mixture generate connective binary membrane which allows

diffusive mixing between 1% and 2" membrane.

102 ]



Chapter 5. Kinetics of Raft Formation by Real-

time Surface Plasmon Resonance

5.1 Introduction

Supported membranes on the solid, whether being fixed to the substrate
or freely mobile separated from substrate by ultrathin water layer (~1 nm),
and their combinations with surface-sensitive analytic techniques enable us to
explore both the biological interplay of lock-and-key forces, e.g. receptor-
ligand binding, and the adhesive behaviors between the cell components such
as membrane-membrane [135], membrane—protein [136-138], membrane—
DNA [139], and protein-protein [140]. Since fluid membrane where variety of
lipids and membrane proteins are self-assembled is dynamic creature in
bilayer architecture, the organization and compartmentalization of membrane
constituents in the form of domains attracts great interest due to their crucial
roles in the membrane-related biological activities including signaling [38],
cell deformation [29], and membrane trafficking [44]. As an effort to
reconstitute the domains in vitro, the supported lipid bilayer membrane
(SLBM) has been utilized as robust biomimetic platforms to investigate the
physicochemical properties of membrane compartmentalization into domain
shape with assistant of surface-sensitive techniques such as secondary ion
mass spectrometry [141], epifluorescence microscopy [11], and ellipsometry
[142] etc. Recently, surface plasmon resonance (SPR) became one of the most
powerful techniques for studying the microscopic interactions by facilitating
the high-throughput analysis, label-free, and real-time monitoring. However,
major stream of SPR research has been established to measure the
intermolecular binding events between immobilized reactant, e.g. lipid, on a
surface and second components in solution [143] due to the lack of platforms

that remodel the cellular membrane where the membrane constituents float
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and diffuse freely within the membrane itself. Since diverse intermolecular
interactions are launched from free rearrangement of membrane constituents
within the mobile membranes, constructing ‘fluid’ membrane on the gold
surface, which is critical for biomimetic assays for SPR surface, would offer
the opportunity for practical biomimicry environments for monitoring
reorganizing interactions within a patch of membrane. This will change the
paradigm of SPR analysis by redefining of membrane from subsidiary
molecules for mimicry ‘environment’ to target molecules to investigate to. In
particular, The lipid rafts, massive combinations of sphingolipids (SPMs) and
cholesterols (CHOLS) giving the liquid ordered (Lo) domains, are thought to
function as sites for the selective assembly of proteins including HIV [144],
prion [145], Alzheimer [39] disease-associated proteins in two dimensional
distributions [35, 78, 146]. Even its vital roles in the membrane, however, the
reconstitution of Lo domains at SLBM is a laborious task due to nanometer
scale of ‘nanoraft’ assembly by nature and unpredictable expressions into
aggregates at random position. Therefore, our systematic manipulation
technique to phase-separate into Lo domains at predicted regions will help to
uncover the interactive kinetics between raft components and consequent

formation of raft domains.

Here, we probe the real-time membrane formation and reconstitution
of Lo domains within a fluid membrane for the first time by means of time-
lapse epifluorescence microscopy coupled to the SPR microscopy. The
uniqueness of this combinatorial spectroscopic technique is that it allows to
monitor the structural parameters of raft domains such as packing density,
refractive index (RI) of raft domains within the lipid bilayer both kinetic state
and equilibrium mode. Distinguished from other sensing techniques of
membrane bounded SPR devices, our systematic conformations of

heterogeneous membrane force the microdomains to aggregate at
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programmed position which enable the observations of phase-kinetics during
raft formations. Author have found the way to reconstitute the heterogeneous
membranes that composed of mixtures of SPM-rich and CHOL-rich
membranes can be organized within a continuous membrane (Figure 5.1a)
obtained by alternative introduction of each mixtures through the microfluidic
system. The mixing between distinct membrane, between SPM-rich and
CHOL-rich, leads well known molecular compaction of SPM with CHOL for
raft domains at the boundary between two membranes. Since the penetration

depth (P) of the SPR sensing is range of ~100 nm, Lo domains at programmed

position
(a) Formation of (b) Phase-separation into Lo domain ~ (€) Protein binding
heterogeneous membrane
Evanescent field
ﬂ § ﬂ \? 0 Lo domain

DOPC GM: SPM CHOL CTB

o3

Protein injection
N

Incident Light
Lo-unit
Figure 5.1 : The schematic representation of the experiment. (a)
Reconstitution of continuous heterogeneous membrane composed of CHOL-
rich and SPM-rich membranes on the prepatterned substrate. Substrate was
prepared by deposition of Au (~50 nm), followed by the SiO, (~40 nm) for
biocompatibility with lipid molecules. Patterned heterogeneous membrane
was achieved through the channel-guide fluidic system. (b) The SPR analysis

due to membrane phase-separation into Lo domain at the boundary between
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two membranes. (c) The Lo domain-marker proteins (CTxB) are injected on
the phase-separated membrane to verify the ligand-receptor binding event.

would be directly observed and characterized by SPR device as shown in
Figure 5.1b. Author also incorporated a GM;-linked protein (cholera toxin
subunit B, CTxB) into our connective membrane and have them to locate at
the target Lo domains to see the ligand-receptor binding as shown in Figure
5.1c.
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5.2 Fluid Membrane for SPR Analysis
5.2.1 Membrane Mixing and Mobility

(a) Membrane Mixing

Ist membrane 2nd memebrane == R-PDMS Membrane
& R-PDMS transfer backfilling Au (50 nm) === DOPC+TR
SiO2 (40 nm) DOPC
PDMS mold

m_ _ i s 98 .

Pl BK7
B B M
PDMS Covered mmmm ¢ =0 min == =5 min =_—

Scale bar : 100 um

Bilayer Monolayer % 5 .
Formation Formation Membrane mixing Mono-Bi Membrane
(b) FRAP test
Monolayer Dwono = 0.89 % 0.30 um?*/s Bilayer Dsi = 1.43 + 0.42 um?/s

Scale bar : 50 um

Figure 5.2 : Diffusive characters on heterogeneous membranes. (a)
Microfluidic based heterogeneous membrane array and mixing behavior were
represented with schematic illustrations (top) and fluorescence micrographs
(bottom). The sequential injections of 1% vesicle mixture (DOPC:TR=99:1)
along the fluidic channel, and 2™ vesicles (DOPC 100%) lead bilayer (B)
and monolayer (M) membranes, respectively. (b) The FRAP test on each

monolayer and bilayer membrane is represented.
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Our concept majorly starts from the formation of connective
heterogeneous membrane which allows mixing between two distinct
membranes. The prepared SiO, surface must show the hydrophilic properties
which is prerequisite which is prerequisite for SLBM formation by
spontaneous vesicle rupture process [1]. Author exposes the substrate to UV
ozone [31], followed by capping the microchannel-patterned PDMS mold.
Microfluidic system enables the successive injections of distinct vesicle
mixtures by playing critical roles in two ways. For one thing, it guides vesicle
to flow, for another it transfer the R-PDMS which is used for formation of
monolayer architecture. Author has already introduced the principle to transfer
of R-PDMS to obtain the proper hydrophobicity for lipid monolayer
architectures in previous paper [chap. 3]. To test our connective
heterogeneous membrane conformation with two distinct membranes, we
perform the ‘mixing test’. The binary mixture, composed of 1,2-dioleoyl-sn-
glycero-3-phoph-ocholine (DOPC) as a base for the formation of the SLBs
with 1 mol% negatively charged lipids labeled with red fluorescent dyes,
Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosp-hoethanola-mine (TR), are
injected and expressed on the hydrophilic SiO, surface as they forms the first
(1*) membrane in bilayer (B) architecture. The PDMS mold is removed
leaving the R-PDMS at the contacted regions, followed by introducing the
secondary (2" vesicle for lipid monolayer (M) membranes. The 2™ dye-free
mixture (100 mol% DOPC) fills lipid-free region where the R-PDMS regions
are expressed. Figure 5.2a shows the schematic illustrations and time-lapse

microscopic observation after rupturing the 1% and 2™ mixtures in time. The
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definite difference in fluorescent intensity of TR (t = 0 min) indicate that

heterogeneous membranes are achieved across the monolayer and bilayer
membranes. The blurring of TR from bilayer to monolayer membrane could
be interpreted that the membrane mixing between monolayer and bilayer
regions are actively in progress (t = 5 min) and arrived the equilibrium mode
(t = 30 min) showing the distinct intensity profiles of TR at each region. The
dyes (e.g. TR) diffuse down a concentration gradient from where they are
more concentrated to where they are less concentrated. This shows that the
dye-labeled lipids continue to cross the membrane showing mixing property
on the connective membrane. Author also carried out the fluorescence
recovery after photo-bleaching (FRAP) studies [4] to measure the diffusion
coefficient of TR in each surface. Average values derived from more than 20
independent samples yielded the intensity ratios of ~1.51 (B/M) which is
similar with the Howland et al. reported [83]. A quantitative analysis of
diffusive characters of binary membrane (DOPC:TR=99:1) both at monolayer
and bilayer regions reveal that diffusion coefficient is 0.89 + 0.3 pm%s, and
1.43 + 0.4 pm?’/s, respectively (Figure 5.2b). These data show the great
agreement with lipid bilayers on glass [4, 42] and oxidized PDMS substrates
[61]. Our FRAP studies indeed confirm that the continuity and fluidity of the
binary membrane are completely preserved which is critical prerequisite for

our concept.
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Evolution of SPR spectra

5.2.2 SPR Spectra at Equilibrium Mode

750 800 850 900

Reflectance (dB)

® Au

e PBS
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Figure 5.3 : SPR spectra recorded during equilibrium state at a Au-SiO, layer
without (black e) and with (red e) PBS solution. The SPR spectra of 1% SPM-
rich membrane (green V), followed by 2" CHOL-rich membrane (yellow A)

at t=0 h, and phase-separated membrane (blue m) at t=20 h were represented.

Figure 5.3 shows the evolution of wavelength spectra recorded during
equilibrium states at sequential injections of raft constituents. In this system,
both of 1% (B) and 2™ (M) membranes are generated through the spontaneous
vesicle rupture process [1]. Author uses the 1% SPM-rich
(SPM:DOPC:GM:TR=  33:65:1:1) membrane and 2" CHOL-rich
(CHOL:DOPC:GM;:TR=33:65:1:1) membrane for bilayer and monolayer
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conformation, respectively. The SPM-rich membrane on SiO, surface cause a
peak shift of the resonance wavelength by ~20 nm (green curve V) with
respect to that (red curve e) of the sole phosphate buffered saline (PBS)
solution at pH 7.4 on the identical substrate, whereas consequent backfilling
of 2" CHOL-rich membrane doesn’t show any peak shift (yellow curve A)
respect to that of 1* membrane. Since we focused our incident laser beam spot
at the 1% SPM-rich membrane, these data demonstrate reliability of our SPR
analysis. However, the membrane mixing allows advance peak shift of the
resonance wavelength by ~5 nm (blue curve m; t=20 h) compared to peak
(yellow curve A) of resonance wavelength at t=0 h. This could be interpreted
that membrane mixing between SPM-rich (B) and CHOL-rich (M) membrane
induce physicochemical alterations of membrane properties (e.g. structural
parameter such as thickness, packing density of membrane). Unfortunately,
information about peak shifts of wavelength at the each equilibrium state
couldn’t show the molecular interactions occurring within a patch of
membrane. Therefore, it is necessary to check real-time peak behaviors of

wavelength to understand the membrane dynamics.

5.2.3 Real-time kinetics of Membrane Reorganization

On the basis of concept made above, we observed real-time resonance
wavelength variations by SPR microscopy coupled with time-lapse
epifluorescence microscopy to monitor the membrane reorganizations for raft
domains and incorporated a GM;-linked protein (CTxB) into our connective

membrane to see the ligand-receptor binding. The vesicle mixtures and
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experimental procedure is identical as explained above. Figure 5.4a
represents the shifts of the resonance wavelength as function of time during
the formation of 1% SPM-rich and 2™ CHOL-rich membrane (I; Figure 5.4b),
the reorganization of membrane component (Il; Figure 5.4c), and the protein
binding of CTxB to GM; assembled regions (l1I; Figure 5.4d), respectively.
For general analysis, we indicate the average value of the lowest 30, 40, and
50 wavelengths (represented as unit 30, 40, and 50, respectively) to ignore the
noise values. First of all, introduction of PBS solution along the guide
channels of fluidic PDMS mold generate peak value at ~790 nm (step ®),
followed by injection of SPM-rich (SPM:DOPC:GM;:TR= 33:65:1:1) vesicle
(step ®). Abrupt peak shift to ~860 nm was observed until the 1% SPM-rich
vesicle is replaced with PBS (pH. 7.4) solution (step ©) showing the peak
value near ~810 nm. The removal of PDMS mold (step @) shows peak drop
about ~10 nm. The 2" CHOL-rich (CHOL:DOPC: GM;:TR=33:65:1:1)
vesicles (step ®) were injected for filling the R-PDMS region with 2™
membrane showing dramatic peak shift up to ~850 nm. The washing with
PBS solution (step ®) was performed again to remove the residual vesicle
mixtures floating on the aqueous environment until the SPR signal became
stable. Author interprets the drastic peak shifts (step ® and (®) are caused
by the range of SPR sensing. As mentioned above, the penetration depth of
the evanescent filed is range of ~100 nm. In our system, we have ~40 nm
thick SiO, layer above the Au layer. Therefore, the residual vesicles which
floating on the agueous surrounding (~60 nm) could be detected including
membrane film as well. The washing processes (step © and ®) remove the

residual
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Figure 5.4 : The real-time kinetics of membrane reorganization and
protein binding (a) Real time SPR peak behavior as function of time is
represented. Magnified peak behavior during (b) the connective
heterogeneous membrane, (c) the phase-separation of membrane component,
and (d) the protein binding of CTxB are shown with (e) the fluorescent

micrographs at each step. Dotted ellipse indicates the position where the
incident light was exposed
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vesicles and leaving the membrane film showing the peak at ~810 nm. The
peak shift of resonance wavelength, 4w, by ~20 nm represent the bilayer lipid
film is generated on the substrate. In this way, binary distinct SPM-rich (B)
and CHOL-rich (M) membranes are achieved showing patterns of fluorescent
intensity across the monolayer and bilayer regions (micrograph @; Figure
5.4e). The rearrangement of membrane constituents within connective
membrane is monitored as function of the time. Figure 5.4c represents an
curvilinear increase of resonance wavelength as function of time showing
great accordance with the tendency as function of time with Moore et al.
reported [147]. It is well known that SPM and CHOL molecules have specific
affinity to induce ‘Lo-unit’, called nanorafts. In our system, SPM and CHOL
molecules at each domain are forced to diffuse into counterpart-rich
membrane. That is, the SPM diffuse toward CHOL-rich membrane, while the
CHOL move toward SPM-rich membrane. Author already found that the Lo
domains generate at the boundary of each membrane, especially toward the
SPM-rich membrane (micrographs & and &; Figure 5.4e). The principle and
detailed explanations are about to submitted. [chap. 4] Therefore, the 4w by
~5nm (step @) respect to that of initial state (step @) could be caused by
membrane reorganization, e.g. raft formation. In order to confirm the
existence of Lo domain, well known raft-marker protein, alexa fluor 488
labeled cholera toxin B subunit (CTxB-488; 5 mg/ml), was additionally
incubated (step @) more than 2 h, followed by washing process (step @) to
remove floating CTxBs which fail to bind at GM1 clusters. As shown in Fig.
4d, additional peak shift (step D) by ~2 nm compared to absent of CTxB
(step @) was monitored. The fluorescent micrographs (Figure 5.4) exhibits
that the fluorescent intensities of TR at the boundary gets diminished as

function of time (from micrographs @ to @), specially toward SPR-rich
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region. The localization of CTxB-488 on the dark boundary regions
demonstrate the location of Lo domain (micrographs ; Figure 5.4e). Unlike
the peak shifts in step Il, the SPR responses in step Il are ascribed to mass
increase due to the ligand-receptor bindings between CTxB-GM; [148]. Shifts
to larger resonance wavelength are expected when net mass increases occur.
The specific binding of relatively small lipid with massive proteins would be
major factor that lead peak variations. The combinatorial spectroscopic
approaches introduced here highlight the strongpoints of each detection
method. That is, the existence of Lo domain at expected region could be
observed with fluorescent microscopy, while the kinetic of Lo domain
formation could be measured with SPR microscopy. The complementary
approach opens the opportunities to determine the structural parameters of raft
domains such as packing density, Rl of raft domains within the lipid bilayer.
The detailed description will be explained later.

524 ‘Raft Membrane® vs ‘Component-deficient

Membrane’

The question remains to be verified whether or not the
curvilinear increase of resonance wavelength definitely comes from the Lo
domain within fluid membrane. Thus, we carried out the combinatorial
experiments with the individual raft components and compare the results with
the wavelength behavior of the membrane where the both of SPM and CHOL
are included. At this time, we wused the label-free raft mixture

(SPM:CHOL:DOPC:GM;=33:33:33:1) since the wavelength behaviors

115 ]



between label-included and -excluded membrane didn’t shows difference

(Figure 5.5). This data mean that existence of TR doesn’t affect the peak
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Figure 5.5 : The comparison of real-time SPR signals of labeled membrane
(SPM:CHOL:DOPC:GM1:TR=33:33:32:1:1) with label-free membrane
(SPM:CHOL:DOPC:GM1=33:33:33:1) both on patterned morphology.

behavior. The label-free raft membrane shows the similar curvilinear increase
as function of time until the CTxB (25 pg/ml) was incubated (t = 50 h) and
washed (t = 52 h) as shown in Figure 5.6. Whereas, the individual component
included membranes didn’t show curvilinear increase both at SPM-free
(CHOL:DOPC:GM;=33:66:1) and the CHOL-free (SPM:DOPC:GM;=33:66:

1) membrane. Although the incident rise and fall at the initial period were
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detected within both membrane before t = 7 h, the peak shifts settled at the
~950 nm for SPM-free and ~947 nm for CHOL-free membrane, respectively.
According to these data, we can conclude that the curvilinear increase
indicates the Kkinetics of Lo domain formation. Author could interpret this as
the coarsening of nanorafts and growing from nanometer scale to micrometer
scale. Moreover, we also found that the SPM and CHOL couldn’t lead phase
separation into the Lo domain when they work alone. This could be
interpreted that membrane mixing allows the combination between SPM and
CHOL for generating ‘Lo-unit’ at the boundary, and sequential coarsening of
Lo-unit into micrometer scale leads the decrease of fluorescent intensity. The
curvilinear increase as function of time could be interpreted if we simplify our
experiments at the point of first-order reaction model [149]. If we apply the
reaction model to our system, the substrate binding between SPM and CHOL
molecules forms the ‘Lo-unit’ complexes due to the affinity between two

substrates. This could be expressed as,
SPM + CHOL — Lo-unit

The product (e.g. ‘Lo-unit’ complex) as function of time could be expressed
by

P(t) = Py, (1 — e7kt)
The preceding expressions, the P,, represents the amount of saturated product
at equilibrium state, and k represent the association coefficient between two

substrates. According to this equation, the amount of Lo-unit complexes

increases as function of time until the each substrate is exhausted. This
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process occurs at the boundary between two membranes. Once the Lo-unit

complexes formed, they tend to aggregate each other by escaping from
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(SPM:CHOL:DOPC:GM;=33:33:33:1)  reorganization with

component-deficient membrane for Lo domain formation. The SPM-free

(CHOL:DOPC:GM;=33:66:1) and the CHOL-free (SPM:DOPC:GM;=33:

66:1) membrane were used. The CTxB was incubated at t = 50 h for verifying

the existence of Lo domain as shown in fluorescent micrograph. Dotted

ellipse indicates the position where the incident light was exposed.
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energetically unfavorable states that driven by height mismatch between Lo
and liquid-disordered (L4) domain [28]. These aggregations may accelerate
the phase-separation into the massive Lo domain formation and induce the
alteration of membrane properties from thinner, less ordered, less packed to
thicker, more ordered, more packed. Our SPR data shows great agreement
with the physical characters of Lo domain which is thicker, more ordered,

more packed than surrounding L4 domains [35].

525 ‘Programmed Raft’ vs ‘Unidomain Raft’

The kinetic of membrane compartmentalization on the course of raft
formation remains as central question so far. Although fluid lipid films on the
Au surfaces contribute to monitor the kinetics of membrane reorganization on
the SLBM, the raft formation at random sites hinders to detect the
spontaneous intermolecular packing event between SPM and CHOL. A few of
studies [40, 52, 104] already introduced the ways to manipulate the Lo
domains by patterning substrate where the SLBM stands. The patterned raft at
programmed position could be expected to offer efficient detection of the
crucial information in the course of Lo domain formation. To demonstrate our
assumption, we carried out the comparative methods for Lo domain
generations as shown in Figure 5.7. One for ‘programmed raft” domain that
depends on the mixing of two distinct membranes, another for ‘unidomain raft’
that sole depend on the spontaneous aggregates of nanorafts in the shape of
isolated and island-type Lo domain at random sites. Author will define this

island-type Lo domain as ‘unidomain raft’ due to it generated from sole
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rupturing raft mixture (SPM:CHOL:DOPC:GM;=33:33:33:1) on the non-
patterned SLBM. As shown in real-time resonance wavelength variations as

function of time, membrane reorganization for ‘patterned raft’ shows expected
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Figure 5.7 The comparison of real-time SPR signals of patterned

heterogeneous membrane (denoted as ‘programmed raft’) with non-patterned
membrane (‘unidomain raft’) were shown with the reference (PBS with pH.
7.4). The identical membranes (SPM:CHOL:DOPC:GM1=33:33:33:1) were

used in both cases.

curvilinear increase (red dots @), whereas the ‘unidomain raft’ shows

trendless behavior (black dots @) as function of time. Author represents the
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reference value (injection of PBS solution) for directive comparison. Author
interprets that the trendless data come from the random diffusion of nanorafts.
It is well known that coarsening of nanorafts at random sites shows the

massive island-type Lo domain. Author also observed the island-type raft
aggregates but fail to localize them at the beam focus area. From the results,

we could conclude that patterned membrane could offer the opportunity to
detect the spontaneous intermolecular packing event in the course of raft
formation. The additional uniqueness of our system is that the packing ratio
for Lo domain formation could be calculated. The differential value of
curvilinear increase at each time (e.g. incident slope at each time) represents
the ratio for Lo domain formation. Author could not conclude that this index
means whether the intermolecular SPM-CHOL packing or the coarsening of
Lo-units. However, the programed raft domain gives the information that
association ratio for Lo domain tends to decrease and saturated after all which
could not be obtained if they formed at random schedule in time and space.
Moreover, the programmed raft gave a clue to investigate the RI of the Lo
domain. By applying the thickness of Lo domains (~4.6 nm)[35] into our SPR
analysis at ~948 nm, we could calculate the RI of SPM-rich membrane (nspy-
ricn) 1S 1.52. These data shows good accordance with data reported by Salamon
at el[150]. However, the peak shift by ~8 nm (948—956) lead alteration of RI
on programmed raft (nyg) from 1.52 to 1.60, while the peak shift by ~ 3 nm
(948—951) alter the RI of unidomain raft (n,,) from 1.52 to 1.55. However,
these values don’t indicate the RI of the Lo domain (n.,) since the RI value of

Nprog=1.60 represent average value of RI only where the laser beam was
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exposed. Therefore, by calculating the area fraction (5~7 %) of Lo domain

within the beam spot, we could obtained the RI of Lo is 2.26 <n.,< 3.12. The
detailed explanation for ny, is introduced in Fig. S3 in ESI + and

summarized in Table 4.

Table 4 : Calculated RI of membrane components

Area NspM-rich Nyni Nprog Nio (5~7 %)
Peak value (nm) 948 951 956 956
RI 152 1.55 1.60 2.26< N, <3.12
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(a) Programmed raft Unidomain raft

- { 03%
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Peak : 948 — 956 nm Peak : '948 = 951 nm
n:1.52 —1.60 n:152 =155
(b) (©)
\Y | | 50&! Lo domain/ beam area

Area fraction: 5-7%

Arca NspM-rich M Mprog
Peak value (nm) 948 951 956
RI 1.52 1.55 1.60

by assuming the mvi= nsem=1.52 = nL.=2.66 ~3.12

by assuming the mi= nw=1.55 = nw=2.26~2.55
Figure 5.8 : Calculation of Rl of Lo domain. (a) Peak shift of programmed
and unidomain raft. (b) Fluorescence micrograph showing programmed raft
domain by binding a CTxB-488. Location of Lo domains are correspond to
the distribution of CTxB. Dotted ellipse indicates the position where the
incident light was exposed. (c) Extracted image with image program (Image J)

to investigate the area fraction of Lo domain against the beam area.
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5.3 Discussion & Conclusion

Author reports the kinetics of Lo domain formation within the fluid
heterogeneous membrane by means of the SPR microscopy. In particular,
combinatorial observation with time-lapse epifluorescence microscopy allows
monitoring the dynamic reorganizations both in kinetic and equilibrium states
of Lo domain which have not been reported so far. Systematical, a handful of
strategies including channel-assisted composition array [18], membrane
stamping [10], and spatial bleaching and backfilling with the secondary
membrane [4], tried to reconstruct heterogeneous membrane array due to the
importance in numerous biological system. However, lipid-free gap [82-86] or
physical barriers made with polymer [56] of proteins [151] have prohibited
the mixing properties between heterogeneous membranes systems so far. By
overcoming the membrane discrimination across the opposing heterogeneous
membranes, the Lo domains are achieved within the fluid bilayer membrane
at predicted location. Within the frame work of lipid raft formation, previous
studies [148, 150] reported the raft domain sensing through SPR analysis on
the solid supports. However, observing through plasmon waveguide
resonators [150] has intrinsically limited exploitation of below the cut-off
thickness for diverse application in various fields. Moreover, the incomplete
reconstruction of raft domain not only by omitting the key raft component
[150], e.g. CHOLs, but also by detecting the protein-GM; complex [148] at
random position unable to guarantee the phase-separation into Lo domain
within a patch of membrane. However, the fluid membrane based SPR

analytic platform associated with patterned heterogeneous membranes enable
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us to investigate the kinetics and quantitative information of Lo domains for
understanding intermolecular events happen on the course of raft formation
happen in nanometer scale. By overcoming the immobile membrane which
has been major challenges of membrane-involved SPR technique, our
analytical tool might provide a promise of a new class of membrane analysis.
Incorporation with different classes of membrane constituents such as DNA,
virus, other signal proteins would exhibit more functional flexibility for
studying cellular activities to understand interactive binding event within/on
the membranes as they become the powerful tool in the field of
pharmaceutical screening [152], proteomics [153], chemical and biological

analysis/detection, and materials engineering.
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Materials and methods

PDMS Microfluidic Channels Fabrication. Before coating the photoresist,
the glass substrate was immerged in acetone for more than 30 min followed
by in deionized (DI) water for 10 min. Cleaning processes were performed in
the standard ultra-sonicator at room temperature. After blowing with N, gun,
standard negative photoresist (SU-8 2050, MICROCHEM) was spun onto the
glass substrate according to the vendor’s instructions. The coated glass was
aligned and exposed through a photo-mask using a mask aligner (MA-6,
EVG). After exposure process, SU-8 patterning process was performed giving
the film thickness of 50 um separated by 100/150 pwm or 100/100 um
periodically. The elastomeric material, Sylgard 184 silicone elastomer (Dow
Corning Corp.) mixed with curing agent in a 10:1 ratio, was poured onto the

mold and subsequently cured for more than 3 h at 80°C before it was removed

from the masters.

Formation of SLBMs and an imaging method. The phospholipids, used as
a base for the formation of the SLBs, were 1,2-dioleoyl-sn-glycero-3-phoph-
ocholine (DOPC). For imaging the SLBMs, a negatively charged lipids
labeled with red fluorescent dyes, texas red 1,2-dihexadecanoyl-sn-glycero-3-
phosp-hoethanola-mine (TR, Molecular Probes, Eugene, Oregon) and green
flurescent dyes, 4-(4-(didecylamino)styryl)-N-methylpyridinium iodide (D291,
Avanti Polar Lipids, Birmingham, Alabama) were mixed with DOPC at 1
mol%, repectively. The cholesterol (CHOL) and ganglioside (GM;y ; brain,
ovine-ammonium salt) were purchase from Avanti Polar Lipids (Birmingham,

Alabama). These lipids mixed according to their purpose. All lipid mixtures
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were dissolved in chloroform. The rapid solvent exchange method [107] was
employed to evaporate chloroform and to hydrate with Tris buffer (100mM
NaCl and 10mM Tris at pH 8.0) simultaneously. Small unilamellar vesicles
(SUVs) were produced by extruding 20 times through a 50 nm filter. The
residual SUVs remained in the tris buffer solution were removed with the DI
water after the SLBs was formed after the substrate was exposed to the SUVs
solution for 5 min The Texas red lipids were monitored using an
epifluorescence microscopy (Eclipse E600-POL, Nikon). Whole processes

were performed in room temperature.

Fabrication of substrate for SPR. The sodalime glass was cleaned in
piranha solution (H,O:H,SO4=1:3) for 10 min before consecutive deposition
with Au and SiO,. The 50 nm Au layer on the cleaned glass with a 5 nm
chromium adhesion layer is prepared with an electron beam evaporator (KVE-
3004, Korea Vaccum Corp.), followed by deposition of 40 nm thick SiO, layer
on Au covered glass with the STS-PECVD equipment.

Formation of binary supported membrane on the R-PDMS surface. The
UV ozone treatment [31] was performed on SiO, deposited glass to giving
hydrophilic surface by formation of hydroxyl (-OH) group. Selective
stamping was achieved with photolithographic patterned PDMS mold. The
PDMS films thickness of 50um separated by 100/150 pm or 100/100 pum
periodically apart were contacted with hydroxylated glass. Injection of first
vesicle mixture along the micro channel results in bilayer membrane, and
subsequent peeling process gives a selective patterning of bilayer membrane
surrounded by residual PDMS (R-PDMS) [87, 103] regions. Note that the R-

PDMS, residual low-molecular-weight oligomers transferred from the PDMS
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mold, alters the surface property from hydrophilic to hydrophobic. In other
word, the regions for lipid bilayer formation changed into that for lipid
monolayer. Secondary backfilling of R-PDMS regions with secondary
mixture generate connective binary membrane which allows diffusive mixing

between heterogeneous membranes.

SPR Analysis of membrane film. SPR signals of samples were measured in
Kretshcmann configuration [154, 155]. A sample plate was adhered to a hemi-
cylindrical prism (BK7; refractive index is 1.51) with a drop of refractive
index matching oil (refractive index is 1.51). Angles of incidence and
reflection were kept at a same value between 65° and 70° using two rotational
stages (URS150BCC, Newport) which were connected to a white light source
and to a detector of optical spectrum analyzer (AQ6317B, Ando), respectively.
Author used a relay-optics configuration composed of three lenses and a
polarizer so as to have a transverse magnetic polarized light with
directionality and to make a beam size as small as possible. Reflectance
spectra were measured at wavelength from 700 nm to 1200 nm. Whole
processes were performed in room temperature. For the calculation of
reflectance spectra and refractive indices on the sample structure under
experimental conditions, our own-built rigorous coupled wave analysis
(RCWA) tool was used [156, 157] .
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Chapter 6. Spatial Manipulations of Charged

Lipids into Concentration Gradient

6.1 Introduction

The development of a versatile platform to achieve well-controlled
concentration gradients of amphiphilic molecules showing the liquid
crystalline order [158, 159], surface-adsorbed species of lipids [36, 160] and
proteins [161], and DNA associated adsorbates [162] in micro-patterned
arrays has attracted great attention for systematic studies of biological
activities [31, 163-165] including cell adhesion, migration, and growth as well
as practical applications [166, 167] for axon guidance and chemotaxis.
Especially, supported lipid bilayers (SLBs) and model membrane systems
reconstituted on solid supports in the charged environment play critical roles
on the fundamental studies of membrane-associated activities including
cellular deformation [160], vesicle budding [36], signal transduction [162],

cell apoptosis [31], and membrane protein trafficking [106].

Recently, microarrays with different concentration profiles of charged lipids
in the SLBs have been demonstrated using a number of the fabrication
methods, such as a stamping mold [16], the photo-exposure [10], a
micropipette [168], and a microfluidic channel [11], that are capable of
constructing bilayer arrays with specific composition variations in different

corrals. However, many of them tend to deform the lipid components physico-
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chemically in the membrane [16] and they often require quite expensive

equipments to manipulate the composition variations [17, 168].

In this work, we develop a viable, cost-effective scheme of constructing a
spatially addressed membrane microarray with partitions wherein different
concentrations of charged lipids in a supported bilayer are available within the
framework of the field-directed diffusion dynamics. In a diffusion cell
composed of a patterned substrate with a pore and partition walls distributed
in parallel, the concentration of the charged lipids in each partition depends on
the pore size, the distance from the pore to the partition, and an external
electric field. It is found that a mechanical scratching method [167] produces
the stable and permanent confinement of charged lipids within each partition
and thus the concentration gradient is accordingly obtained from partition to

partition.
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6.2 Diffusion Cell with Partition Walls

6.2.1 Preparation of a diffusion cell with partition walls

A glass substrate was first cleaned with a solution of piranha [3:1 (v/v)
H,S04:H,0,] at 120°C for 10 min, followed by ultra-sonication in deionized
(D) water for 10 min. Standard negative photoresist (SU-8 2005,
MICROCHEM) was then spun onto the substrate at the spinning rate of 3000
rpm for 30 sec and partition walls were produced as shown in Figure 6.1a and
b. Figure 6.1 shows the schematic diagram of a diffusion cell having
partitions with different concentrations of charged lipids in the SLBs in the
presence of an external electric field. The thickness of the SU-8 film was 5
um which corresponds to the height of a partition wall. Based on the
photolithographic technique [163] using an ultraviolet (UV) lamp (MA-6,
EVG), the partition walls [represented as thick black stripes in Figure 6.1a]
were fabricated on the glass substrate. A pore of the width W and the partition
of the distance L from the pore were shown in Figure 6.1b. The outer side
walls of SU-8 were 10 um thick and the inner partition walls of SU-8 were 4
um thick. The physical dimensions of the diffusion cell was Y = 400 pm and Z
= 200 um. The pore width was varies as W = 10, 20, 40, 60 um and the
distance from the pore to the inlet of the closest partition was varied as L = 40,
60, 80 um. The gap (g) between two adjacent partitions was fixed to be 30 pum.
After the fabrication of the partition walls of SU-8, the diffusion cell was
exposed to UV ozone for 10 min to have the hydrophilic surface on which the

SLB membrane, separated from the glass support cushioned by a thin (10-20
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A) layer of water [31], was spontaneously formed. For the application of an
external electric field to our diffusion cell, two platinum (Pt) wires (each 1.5
cm) were placed outermost sides of the cell along the direction longitudinal to
the partition walls. The electric field-directed experiment in our study is

similar to the electrophoresis experiment [31].

R Charged Lipid
n) Neutral Lipid

(a) (b) oo

e

(c)

Figure 6.1 : The basic concept of two-dimensional redistribution of charged
lipids diffused through a pore (W) in the corner of a diffusion cell into a
number of partitions fabricated on a solid substrate: (a) the top view of a
diffusion cell with charged lipids (represented in red) distributed at random in
the membrane under no external field; (b) a schematic diagram of a diffusion
cell showing the redistribution of charged lipids in the presence of an electric
field; (c) a fluorescence micrograph showing the redistribution of charged
lipids, the Texas Red-DHPEs, in a diffusion cell at the electric field of E = 45

V/cm for 20 min.
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Across the two Pt wires being used as two electrodes, the direct current
electric field of 45 V/cm was applied from a standard power supply. Figure
6.1(c) shows a typical fluorescence micrograph of the diffusion cell showing
the redistribution of negatively charged lipids (the Texas Red-DHPES) at the

electric field E = 45 VV/cm which was applied for 20 min.

6.2.2 Forming and imaging the SLBs

The phospholipids, used as a base for the formation of the SLBs, were 1,2-
dioleoyl-sn-glycero-3-phoph-ocholine  (DOPC, Avanti Polar Lipids,
Birmingham, AL). For imaging the SLBs, negatively charged lipids labeled
with red fluorescent dyes, 1,2-dihexadecanoyl-sn-glycero-3-phosp-
hoethanola-mine (Texas Red-DHPE, Molecular Probes, Eugene, OR) were
mixed with DOPC at 1 mol% (DOPC: Texas Red-DHPE = 99:1). All lipids
were dissolved in chloroform. The rapid solvent exchange method [169] was
employed to evaporate chloroform and to hydrate with Tris buffer (100 mM
NaCl and 10 mM Tris at pH 8.0) simultaneously. Small unilamellar vesicles
(SUVs) were produced by extruding 20 times through a 50 nm filter. When
the patterned substrate was incubated in the SUV solution, the formation of
the SLBs was developed via vesicle adsorption, rupture, and fusion [170]. The
residual SUV's remained in the Tris buffer solution were removed with the DI
water after the SLBs was fully formed after the substrate was exposed to the
SUV solution for 5min. The Texas red lipids were monitored using an
epifluorescence microscopy (Eclipse E600-POL, Nikon). The measurements

of the fluorescence intensity of fluorescent molecules in SLBs were carried
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out using an image analyzing program of Image J (National Institute of
Mental Health, USA). All the measurements were performed at room

temperature

6.2.3 Field-directed Diffusion Dynamics

The direct current electric field moves negatively charged lipids into the
partitions through the pore, starting from the upper corner of the first partition.
Due to the electric field-directed diffusion, the neutral lipids (DOPC) are
expelled by the charged lipids (Texas Red-DHPEs) from their equlibrium
position. The diffusion of Texas Red-DHPEs is governed by the field-induced
drift motion with a constant velocity (0.13 + 0.01 um/s, estimated from the
mid-point trajectory method [162]) and the Brownian motion (with the
diffusion constant of 1.0 £ 0.1 umZ/S, determined from our experimental
results of the fluorescence recover after bleaching, which is on the same order
of magnitude as in typical lipids [1] as shown in Figure 6.2). Moreover, since
the redistribution of charged lipids depends on the physical dimensions of W
and L in the presence of the electric field, lipid compositions in the SLBs in

the partition varies with the lipid distribution profiles in terms of W and L.

Author first varies W to be 10, 20, 40, and 60 um for fixed L = 60 um and
measure the distribution profiles of charged lipids at the electric field of 45

V/ecm for 20 min. Due to the electric field-directed diffusion, the negatively
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Figure 6.2 : Mobility test of fluorescent dye (Texas-red) by (a) FRAP test and

(b) midpoint trajectory method.

charged lipids moved into the partitions of P, to Pg and the concentration
gradients across the partitions were produced as shown in Figure 6.3a-d. It is
clear that the charged lipids were diffused from the pore to the partitions in a
continuous manner with different concentration gradients. Figure 6.3e shows
the fluorescence intensities for several W’s as a function of the transverse
distance at the partition edges from P, to Ps. Defining the diffusion distance
(MDD) as the transverse distance at which the parttion fluorescence intensity

becomes zero, the MDD of charged lipids experiencing both the thermal
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diffusion and the electrical drift are different for different W’s. The MDD’s
represented by 1o(W) were shown in Figure 6.3e. The MDD values for 1, (10),
lo (20), Io (40) and I, (60) [indicated by black arrows in Figure 6.3e] were
about 83, 95, 116 and 134 um, respectively. As shown in Figure 6.2e, the
number of partitions with non-vanishing fluorescence intensity increases with
increasing W. For example, the fluorescence intensity becomes nearly zero in
P; for W = 10 um while it remains in Ps for W = 60 um. For membrane arrays
with different concentrations of the charged lipids, it is desirable to select the
physical dimensions of W and L that produce both the maximum fluorescence
intensity in the first partition (P;) and the MDD in the mid partition (P3 or Py)
to give uniform concentration gradients of the charged lipids across the
partitions when an equlibrium state is reached after the removal of the the
electric field. In our case, the above requirements are satified when W = 40
um for given L = 60 pum. Author now varies L to be 40, 60 and 80 pm for
fixed W = 60 um to examine the dependence of the charged lipid distributions
in the partitions on the physical dimension of L. Figure 6.4a-c are the
micropraphs and fluorescent images with the iso-contour lines showing the
concentration gradients across the partitions for L = 40, 60 and 80 pm,
respectively. The electric field of 45 VV/cm was applied for 20 min. In contrast
to Figure 6.3 where W is varied, the maximum fluorescence intensity is quite
indepenent of L for given W = 60 pum. The results for the concentration
profiles of the charged lipids in the partions were similar. The values of the
MDD for |, (40), Iy (60), and I, (80) were about 105, 134 and 185 um,

respectively [indicated by black arrows in Figure 6.4d]. As shown in Figure
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6.4d, the fluorescence intensity for L = 40 um becomes to zero in P, while
that for L = 60 pum vanishes in Ps. It is interesting to compare the diffusion in
the region without partition walls (free diffusion) and that in the partition
(restricted diffusion). The lateral diffusion boundary, above which free
diffusion is dominant and below which restricted diffusion occurs, is
represented by a blue dotted line in Figure 6.4a. Figure 6.4e shows the
fluorescence intensities measured in the two regions for W = 60 um and L =
80. Away from the outer side wall of the diffusion cell, the fluorescence
intensity for free diffusion decays monotonically as a function of the
transverse distance while that for restricted diffusion decreases rapidly from
P, to P; and essentially vanishes from P, to Pg. This results from the hindrance
of the lateral diffusion of the charged lipids in the presence of the partition
walls. we finally demonstrate a spatially adressed membrane arrays with
different concentrations of charged lipids in the corrals. The physical
dimensions of W = 60 um and L = 40 um were taken on the basis of the above
resluts. Figure 6.5a shows the concentration gradients of charged lipids from
one partition to other, obtained at the electric field of 45 V/cm for 25 min. The
schematic cross-sectional illustration of the distribution of the charged lipids
in the last partition Pg under an electric field is shown in the right side of
Figure 6.5a. The concentration gradients measured at the lateral diffusion
boundary in the first (P,) and the last (P¢) partitions as a function the
longitudinal distance (denoted as the yellow dotted line from the bottom to the
top) are shown in Figure 6.5b. Note that Ps shows two regimes, in one of

which the gradual change in the concentration of the charged lipids was
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observed and in the other, essentially no charged lipids were present at the

lateral diffusion boundary.

© *

60 -

Intensity (a.u.)
N A
o o

o
I

P1 P2 P3 Ps Ps Ps
b e = ) ) i
%Q. L=60um | —e— W=10um
S\ U e W=20um
2, \3-& -—v--- W=40um
A\ ——- W=60pm

50

100

150

Transverse distance (um)

80
- .

Intensity (a.u.)

[
__=

Figure 6.3 : Fluorescence micrographs and fluorescent images with the iso-

contour lines showing the distribution of charged lipids across the partitions in
the membrane for (a) W =10 um, (b) W =20 um, (¢) W =40 um, and (d) W =
60 um at E = 45 V/cm for 20 min for given L = 60 pm. The fluorescence

intensity of Texas Red-DHPEs was shown in (e). The maximum diffusion

distance (MDD) was represented by 1o (W).
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Figure 6.4 : Fluorescence micrographs showing the distribution of charged
lipids across the partitions in the membrane for (a) L = 40 um, (b) L = 60 pm,
and (c) L = 80 um at E = 45 V/cm for 20 min for given W = 60 um. The
fluorescence intensity of Texas Red-DHPEs was shown in (d). The
fluorescence intensities measured in two regions (free diffusion and restricted
diffusion in the partition) above and below the lateral diffusion boundary for
W =60 um and L = 80 were shown in ().
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After the removal of the electric field, the lipid concentration in the partition
will become to be uniform at equilibrium in time. In P4, no abrupt change in
the concentration of the charged lipids was observed along the longitudinal
distance. Applying a mechanical scratching method [1] to Figure 6.5a at 1 hr
after the removal of the electric field, a spatially addressed membrane array
was obtained as shown in Figure 6.5¢c where the charged lipids were
permanently confined within the corrals (C; to C¢) in the partitions. The
scratched lines serve as diffusion barriers for the charged lipids across the
corrals. The schematic cross-sectional illustration of the distribution of the
charged lipids in the corrals is in the right of Figure 6.5c. Figure 6.5d shows
both the fluorescence intensities and the concentrations of the charged lipids,
Texas Red-DHPE, in the corrals from C; to Cq. Based on the geometrical
parameters of the corral such as the size and the height (the gap of the
partition) together with the initial concentration of the charged lipids in the
SLB, The concentration in each corral was calculated from the fluorescence
intensity per volume of the membrane. As an example, for Cs, the estimated
concentration of Texas Red-DHPE was 1.25 mol%. Effect of self-quenching
by frequent exposure to laser source was considered by normalizing the back
ground intensity of membrane as shown in Figure 6.6. As shown in Figure
6.5d, the concentration of the charged lipids can be varied gradually from one
corral to the other, being capable of producing a membrane array with

different concentrations of the charged lipids. This architecture would be
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useful for constructing biosensors and developing bioassays for cell culture

and growth [163].
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Figure 6.5 : (a) The micrograph showing the concentration gradients of
charged lipids from one partition to other for L = 40 um and W = 60 pum at the
electric field of 45 V/cm for 25 min, (b) the concentration gradients measured
at the lateral diffusion boundary in the first (P;) and the last (Ps) partitions as a
function the longitudinal distance, (c) the micrograph showing the
confinement of the charged lipids in the corrals with different concentrations
by mechanical scratching after the removal of the electric field for 1 h, and (d)
the fluorescence intensities and the calculated concentrations of the charged

lipids in the corrals from C; to Cs.
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Author developed a viable, cost-effective scheme of constructing a spatially
addressed membrane microarray with different concentrations of charged
lipids in a supported bilayer from the field-directed diffusion dynamics. In
contrast to a direct contact method such as the stamping process [16], our
methodology presented here opens a new door to the manipulation of the lipid
compositions in the SLB systems and the construction of spatially addressed
membrane microarrays with different concentrations of the charged lipids
since the field-directed diffusion approach handles the charged lipids in the
fluid state in a non-destructive way. Moreover, the partitioning concept
presented here can be implemented into microfluidic devices for sorting and
positioning colloidal particles [171] and protein molecules [161] using soft

lithographic techniques [172, 173].
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Figure 6.6 : Effect of self-quenching by frequent exposure to laser source. ()

time dependent fluorescent quenching of Texas-red dyes and (b) its

representative graphs in time sequence.
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6.3 Discussion & Conclusion

In this thesis, viable approaches to spatial manipulation of model
membrane components into micro-scaled distinct domains on the solid
supports by controlling interfacial interactions, which are investigated from
the view point of fundamental physics and potential applications. The
intrinsic properties such as adhesion force, interfacial energy, elasticity,
spontaneous curvature, electric field, are manipulated by surface micro-
templates to organize the membrane components, and colloidal particles in a
site selective manner for broad applications of the materials at easy.

In the line with elasticity-based approach to the patterned growth of
the raft assembly into spatial regions, geometrically patterned structure induce
loop-like raft domain for the first time in model membrane system. Molecular
shapes of raft domain prefer to locate at the curved surface for release elastic
energy of a patch of membrane which provides lateral diffusions of lipid
molecules without any disruption. Another example of approach to
organization of patterned assemblies of raft on the solid supports is surface
energy-driven construction of raft domains. Author shows binary membrane
morphology, appositional formation of lipid monolayer and bilayer
maintaining fluidity and continuity within a membrane. Stamping the dry
polydimethylsiloxane (S-PDMS) mold on the hydroxylated glass offers
sufficient hydrophobicity for generating lipid monolayer morphologies
surrounded by unstamped lipid bilayer morphologies without any disruptions
and lipid-free regions and consequent introduction of raft component-involved
vesicle lead phase separation into liquid ordered domains on stamped regions.
This morphological character due to continuity of membrane between
monolayer and bilayer regions provides the robust platforms to solve the
fundamental question of lipid rafts. That is, how the raft domain generate

within the membrane. S-PDMS transfer method and additional injection of
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secondary vesicle was used for formation of heterogeneous membrane which
involves sphingo lipids and cholesterol at each region. Furthermore, by
reconstructing heterogeneous membrane which force to phase-separating the
Lo domain at expected space, we could observed kinetic of model membrane
into raft real-time by surface plasmon resonance on the Au covered glassy

substrate.

Another example of approach to the manipulation of lipid molecules
is the electric field-directed diffusion of charged lipids in supported
membranes for spatially addressed microarrays. Field-directed diffusion of
charged phospholipids in supported bilayer membranes into distributed
partitions in a diffusion cell is shown. The balance between the field-induced
drift and the thermal Brownian motion generates the concentration gradient of
the charged lipids from partition to partition under an external electric field
applied longitudinal to the partition walls. The concentration gradient across
the partitions was found to primarily depend on the pore width and the
distance between the pore and the partition wall. This field-directed diffusion
approach provides a powerful tool for constructing various spatially addressed

membrane arrays.

In conclusion, throughout this thesis, the reorganization of signal
molecules on the model membrane has been extensively explored from the
viewpoint of physical studies and device applications. The experimental/
theoretical analysis and several device concepts demonstrated here will
provide a versatile platform for wide range of future applications by broaden
the understandings of the raft domains and by applying as an microarray

combined with raft-recognized proteins.
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Chapter 7. Concluding Remarks

The Chapter 1 overview the properties of lipid membrane, especially
focused on the supported lipid bilayers as an artificial membrane and micro-
patterning of cell components. Among the various characters of lipid
membrane, lipid rafts, as one of typical signal molecules that composed of
SPMs and CHOLSs, and their interaction with solid supports are overviewed in
the physicochemical view. As an another typical molecules which deeply
related to signaling process, importance and Photolithograpy based membrane
patterning of charge lipids introduced as well.

In Chapter 2, elasticity-based structural organization of artificial lipid
membranes is discussed in the view point of the scientific studies and device
application. The concept of competition between elasticity and adhesion of
membranes on substrates with bud-pits like template possessing nanoscale
curved surface will show the closed loop type raft domain at the corner of
bud-neck like regions. Moreover, site selective ligand-receptor binding events
on the raft domain with marker proteins are also demonstrated for biosensor

applications.

Chapter 3 presents the binary membrane morphology, appositional
formation of lipid monolayer and bilayer maintaining fluidity and continuity
within a membrane. Stamping the dry polydimethylsiloxane (S-PDMS) mold
on the hydroxylated glass offers sufficient hydrophobicity for generating lipid
monolayer morphologies surrounded by unstamped lipid bilayer
morphologies without any disruptions and lipid-free regions. Author
demonstrated that our continuous binary supported membrane (CBSM) shows
preferential localization of the signal lipids into ‘weak’ hydrophobic regions,
and consequently generation of raft domains demonstrated by additional

protein binding.
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Chapter 4 deals with the formative hypotheses of raft domain which
has not been demonstrated clearly till now. Although it is obvious that
combination of signal molecules, SPMs and CHOLs, is essential for
generation of raft domain, not any groups directly observe the correlation
between SPMs and CHOLSs. Especially how the key components combine and
how they cluster into micro domains is unclear since 1972. Author will
discuss the plausible mechanism of raft generation at the viewpoint of
molecular level and demonstrate the hypotheses by experimental observation.
Author found the evidences of CHOL intercalation in raft formation for the

first time and demonstrate it with our in vitro model membrane system.

In Chapter 5, we probed the real-time membrane formation and
reconstitution of Lo domains within a fluid membrane for the first time by
means of time-lapse epifluorescence microscopy coupled to the SPR
microscopy. The uniqueness of this combinatorial spectroscopic technique is
that it allows to monitor the structural parameters of raft domains such as
packing density, refractive index (RI) of raft domains within the lipid bilayer
both kinetic state and equilibrium mode. Distinguished from other sensing
techniques of membrane bounded SPR devices, our systematic conformations
of heterogeneous membrane force the Lo domains to aggregate at
programmed position which enable the observations of phase-kinetics during

raft formations.

In Chapter 6, we demonstrated the field-directed diffusion of charged
phospholipids in supported bilayer membranes into distributed partitions in a
diffusion cell. The balance between the field-induced drift and the thermal
Brownian motion generates the concentration gradient of the charged lipids
from partition to partition under an external electric field applied longitudinal
to the partition walls. Our field-directed diffusion approach provides a

powerful tool for constructing various spatially addressed membrane arrays.
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Through the manipulation of signal molecules, our model membrane
based approaches will provide a robust platform not only for understanding
biological activities, but for designing highly sensitive patterned membrane
arrays which could be applicable to DNA, RNA or proteins for gene therapy

or protein arrays.
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