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Guilherme Berselli

Versatile Cell Membrane Models: Biomimetic Suspended Lipid Bilayers designed

for protein/DNA membrane dynamics and detection

Thesis Abstract

The cell membrane, comprised mainly of phospholipid, sphingolipids, sterols and proteins, is a
complex, but molecularly ordered, semi-permeable barrier between the intracellular and
extracellular environments. It plays a vital role in cell adhesion, signalling and transport. To
understand its functions, in many cases to reduce experimental complexity in the study of lipids
and proteins several model membrane systems have been developed in the past years. This thesis
explores the application of one such model Microcavity-Supported Lipid Bilayers, or MSLBs, as
a versatile platform for the preparation and the study of asymmetric lipid bilayers containing
gangliosides. The overall objective of the thesis is therefore to explore the application of
microcavity supported lipid bilayers and their use as versatile platforms to the preparation of highly
fluidic lipid membranes to study important biophysical aspects of membranes such lipid
asymmetry, protein-binding, protein incorporation to suspended lipid membranes and protein
aggregation. In addition, the lipid bilayers spanned over microcavity arrays were used as a model

for oligonucleotide endosomal escape from cationic lipoplexes.

Chapter 1 describes the background to this work and overviews the current state of the art in model
membranes. In chapter 2, describes experimental studies at the MSLBs to evaluate fluidity of
symmetric and asymmetric lipid bilayers in parallel with an interrogation of binding of Cholera
Toxin subunit b (CTb) to its receptor GM1. It was found that transmembrane asymmetry affects
the lipid bilayer fluidity in MSLBs. The lateral clustering of CTb was observed at the nanomolar
range in fluidic and gel-phase membranes. As will be discussed, the high lateral fluidity of the
MSLBs along with their multimodal addressability makes them really well suited to building both
asymmetric bilayers, in analogy to the real cell membrane. And in particular to the study of

aggregation processes involving lateral movement of lipid and/or membrane protein. Aggregation
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is a feature of a number of key biological processes including infection and, in this work, MSLBs

are applied to two infection models: cholera toxin and in chapter 3 hemagglutinin.

In chapter 3, the binding of hemagglutinin (HA1) from influenza virus was demonstrated to be
dependent on the type of ganglioside and on the lipid bilayer composition. The affinity of three
glycolipids GDal, GM1 and GM3 for the subunit HA1 suggested that GDal showed highest
affinity at DOPC bilayers, even though the diffusivity of GDal-HA1 complex was approximately
half of that obtained for GM1 and GM3-HA1 complexes suggesting differences in HA1 assembly
dimensions or penetration into the lipid bilayer. Although the affinity of HA1 for GM1 appears
unaffected by lipid bilayer composition, the lower mobility of HA1 in bilayers containing
sphingomyelin and cholesterol suggests association with Lo domains. These results suggest that
the affinity of HA1 is dictated by GSL and lipid membrane composition and might suggest that

these characteristics could influence the target cell for influenza infection.

Another key advantage of MLSBs is that they offer a substantial aqueous volume above and below
the lipid membrane and so unlike SLBs, can support both structurally and in terms of diffusion
transmembrane proteins. Chapter 4, membrane protein reconstitution was explored using
bacteriorhodopsin as a photo-active proton pump to create a simple photoresponsivity machine
from MSLB focused on the insertion of a photo-activated proton pump, bacteriorhodopsin (bR),
into artificial cavity-spanning lipid bilayers. It was found that the photo-activation of lipid bilayers
containing bR generate an electric response, which is dependent on frequency of the transient

photo-signal and environmental pH.

Chapter 5 expands the use of MSLBs and explores the use of MSLBs to study the delivery and
release of oligonucleotide-cargo from lipoplexes to microcavities to stablish a proof-of-concept
assay for oligonucleotide endosomal escape platform using SERS and FLCS. In order to mimic as
close as possible a typic mammalian cell membrane, a quaternary membrane composition was
used. It was found that the fastest oligonucleotide cargo release was obtained for the cationic
lipoplexes comprised of DOTAP/DOPE. This indicates a new direction of the use of MSLBs to
the study of nanocarrier gene delivery. Finally, chapter 6 focused on building a model of Galectin-
3 (Gal3) binding to integrin a5B1 and to gangliosides. The insertion of a5p1 into MSLBs was used

to determine its lateral diffusion coefficient and aggregation. It was found that Gal3 reorganizes
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the spatial distribution of GSLs in an oligomerization-dependent manner, and the bounding of Gal3

to integrin leading to an increase in a5p1 mobility.
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Chapter 1: Introduction

1.1.Lipid membranes: structural barrier of cells

The cell membrane is an ordered but complex semipermeable matrix, responsible for protecting
the cell from its surroundings by separating the interior of the cell to its outside environment. Cell
membranes are fluidic lipid bilayers which one of the key components of the membrane are
phospholipids. Lipid bilayers are 3-dimentional structures formed by two layers of amphiphilic
lipid and sterol molecules. The lipid molecules, or phospholipids, contain a hydrophilic polar head
attached to a hydrophobic tail. To form a lipid bilayer, the tail regions, repelled by water, are
attracted to each other, while the polar heads interact with the surround water molecules. Although
lipid membranes may be seen as a simplistic design, they are essential structures for all cells and

live organisms.

Over the years, different models were proposed to explain how lipid molecules are organised into
lipid membranes. Initially, it was believed that the lipids would spontaneously arrange into lipid
bilayers while proteins were adsorbed at the membrane. This was proposed as the Davson-Danielli
model (1935), also known as the paucimolecular model, or “Sandwich model”. The model
describes a lipid bilayer as a hydrophobic zone containing a layer of proteins, and the hydrophilic
zone, on each side of the membrane. The Davson-Danielli model assumed all membranes were
uniform, with constant-protein ratio. Also, it was proposed that protein were static at the lipid
matrix. The model was supported by electron microscopy images, showing two dark parallel lines,
suggested as protein layers, with a lighter region in between, believed to be a lipid bilayer.
However, much evidence was contrary to the model, for example membrane proteins were
discovered to be insoluble in water, therefore it was not clear how forming an interfacial
hydrophilic layer over the lipid bilayer was possible. In addition, fluorescence antibody tagging
revelled that membrane proteins were not static, on the contrary, they were found to be mobile

within the lipid membrane.
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In light of these contradictions, the first model that describes the cell membrane as a complex two-
dimensional fluid was proposed by Singer and Nicolson in 1972 (Figure 1.1). This model describes
the phospholipid bilayer as two-dimensional homogenous mixture of diffusing molecules.! They
proposed that lipids are held together by non-covalent forces with proteins embedded in the
membrane as a “mosaic”. This model addresses the main issues to arise from the “sandwich”
model, therefore it was well accepted as a more realistic model of cell membrane behaviour. Since
its introduction, the mosaic model has expanded to accommodate the evolving experimental and
theoretical insights into the membrane particularly related to its complex organization. For
instance, plasma membranes have a variable transversal lipid composition in which the lipid

leaflets differ in composition.>

In addition, experimental observations have suggested that the lipid membrane is not a
homogenous structure, but rather formed by a complex mixture of heterogeneous phases. In
artificial membranes lipid phases, or domains, are dynamic molecular assemblies in constant
formation and disruption within the lipid membrane. In disordered phases, lipids are in a more
fluidic state. Ordered phases are well packed lipid rigid region enriched in sphingolipids and
sterols. In biological membranes, the concept of lipid self-organization into dissimilar fluid
domains was driven by two main experimental observations from cells. First, lipid residues
enriched with sphingomyelin, cholesterol and membrane proteins were observed as insoluble
fractions in non-ionic detergents, therefore called detergent-resist-membranes (DRMs), implying
in heterogeneities of cells.>> Second, the observation of macroscopic phase separation on

biomimetic lipid mixtures.®

Phase transition of lipid models have been widely explored since 1970.” Recently the introduction
of fluorescence techniques allowed to visualize lipid phase separation on artificial lipid models.
Nowadays, lipid rafts are believed to serve as platform for proteins involved in multiple-cell
actions, such signal transduction, membrane trafficking and cytoskeletal organization.® Although
no evidence of rafts in cells, lipid models have shown this direction. Due to the nanoscale nature
of lipid rafts it is very challenging to observe them in biological membranes. Although the high
spatiotemporal resolution required to study nanoscale assemblies of lipids and proteins in living
cells, many effort has been made to allow the direct observation of lipid segregation in vivo. ’

However, there is no direct evidence of lipid rafts in living cells.!®
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Figure 1.1. Illustration of the different components of the cell membrane. Figure reproduced from

reference.”!

1.2.The main components of the cell membrane

Cell membranes are composed of phospholipids, proteins, sterols and glycolipids. Each component
plays a role structurally and functionally to the cell. For instance, while the phospholipids and
sterols provide the structure of the lipid bilayer, membrane proteins and glycolipids are involved
in cell signalling and trafficking. Phospholipids are amphiphilic molecules, containing a
hydrophilic head group attached to two hydrophobic fatty acid chains. When phospholipids are
exposed to aqueous environment, due to their amphiphilic nature, they spontaneously self-arrange
such that their hydrophobic tails are repealed from the water and the hydrophilic polar heads are
attracted to bulk milieu, resulting in the formation of micelles, vesicles or bilayers. In cells, the
phospholipid membrane forms a stable barrier between the cytoplasm and the exterior of the cell.
Proteins and glycolipids embedded to the membrane provide key functions, such junction,

recognition and membrane transport.
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1.2.1. Lipids

The main component of the cell membrane, amphiphilic lipids, are the building block of
membranes, being responsible for its double layer structure. Two main properties of lipids
influence the packing within the lipid membrane and have impact on lipid lateral diffusion. The
carbon tail length and saturation. The shorter the faster it diffuses. The hydrophobic carbon tails
usually consist of 14 to 24 carbons length, and the shorted the tail easier the lipid diffuses within
the bilayer. Also, the extent of saturation of the hydrocarbon chains can influence the diffusion.
One or more unsaturated, or double bonds in the hydrocarbon chain of the lipid increase the fluidity
of the membrane due to the disruption of lateral interactions between the hydrophobic tails of
surrounding lipids. In addition, the shape of lipids can affect the local curvature of the membrane.
Lipids with conical shape may induce positive or negative membrane curvature and lipids with
cylindrical shape tend to form planar membranes. There are thousands of naturally occurring

phospholipids mostly divided into 2 main groups: glycerophospholipids and sphingolipids.

e Glycerophospholipids

Among lipids, the most abundant are Glycerophospholipids. A simple molecule such as choline,
serine, glycerol or ethanolamine attach to a phosphate group to form the polar head group. The
two fatty acid chains are covalently linked to the same phosphate group with a glycerol backbone
to form the non-polar tail. Their structure is comprised of three carbon glycerol with two long
fatty acid chains. The third carbon is attached to a hydrophilic head groups, such
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), are the
predominant phospholipids encounter in the membrane, phosphatidylinositol (PI) and cardiolipin
are present in smaller quantities (Figure 1.2). The most abundant glycerophospholipids is PC

therefore is the most used in artificial models of lipid membranes.
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Figure 1.2. Molecular structure of most abundant glycerophospholipids.

e Sphingolipids

Another class of lipids are the sphingolipids, a large family where possession of a ceramide tail is
a core feature. The main component of sphingolipids is sphingomyelin, which is formed by a
sphingosine as a backbone (Figure 1.3). The presence of amide bridge and hydroxyl groups
contributes to its headgroup polarity/amphiphilicity and facilitates formation of H-bonds with
other proteins and lipids. The saturated ceramide tails promote the lateral packing of sphingolipids,

therefore increasing its melting temperature.
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Figure 1.3. Structure of a sphingolipid, sphingomyelin.

e Glycosphingolipids

An important sub-category of sphingolipids are glycosphingolipids or GSLs, also known as
gangliosides. GSLs exhibit a structure containing a sphingoid base, mostly sphingosine, attached

to a glycan chain.'? They are subdivided in four series of GLSs, according to the their biosynthesis,
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resulting in different sialylated glycan chains, usually composed of 1-8 saccharides (Figure 1.4)."
Found in the glycocalyx of cells, a layer enriched with glycolipids and glycoproteins, GSLs are
mainly distributed in the extracellular leaflet of plasma membranes. GSLs are particularly more
abundant expressed in the nervous system, constituting 5 to 10% of the lipid mass of brain cell
membranes.'* The most abundant gangliosides are GM1, GD1, and GT1 which represent more

than 90% of GSLs in the brain of all mammals.'?
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Figure 1.4. General structure of gangliosides commonly found in biological cells. Figure adapted from

reference.’””

GSLs are essential components of eukaryotic cells, playing an important role in many biological
process, including mediating cell-cell interactions and protein-to-cell recognition through
carbohydrate-carbohydrate or carbohydrate-protein interactions.'® Also, GSLs may form clusters,
or GSL-enriched microdomains (GEM), in presence of sphingomyelin and cholesterol, which

could serve as floating platform for cell signalling and function.!” !

In addition, GSLs are receptors for microbial infection and toxins. The specific protein-
carbohydrate recognition to GSLs is used by certain proteins to gain entry to the cell. For example,

cholera toxin and shigella toxin associates with GM1 and Gb3, respectively, to bind to cell
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membrane.?’2? Viruses infections, such as Influenza virus, use glycans to mediate their
attachment at cells via glycan binding due to carbohydrate-receptors in viral particles.?* Influenza
A viruses recognizes sialic acid residues of gangliosides in the cell membrane for invasion and
infection of host cells through hemagglutinin-ganglioside binding.!?** Therefore, gangliosides are
in important component of cell membranes with significant biomedical impact, which is discussed

further in chapters 2 and 3.

1.2.2. Cholesterol

Cholesterol is the most abundant sterol found in cell membranes and is a major component of
mammalian plasma membrane, comprised of up to 30% of mammalian plasma membranes.?® Like
many constituents of the membrane it is amphiphilic, comprised of four fused hydrocarbon rings
with a non-polar aliphatic tail at one end and a polar hydroxyl group at the other end. Its planar
and rigid structure to the molecule plays an important structural role in the plasma membrane
(Figure 1.5).2% Cholesterol is oriented in the membrane with the hydrophobic carbon tail embedded
in the membranes and the hydroxyl group oriented to the ester carbonyl group of phospholipids.
As well as its structural role cholesterol regulates membrane fluidity, compressibility, water

penetration and curvature of lipid bilayers.?’

Cholesterol influences the membrane fluidity of lipid bilayers by acting as a “membrane buffer”
which modulates the fluidity of a lipid membrane. For example, when the cell faces an increase in
temperature, the amount of cholesterol may increase in the membrane to balance the membrane
fluidity. For example, at higher temperatures the intermolecular separation of lipids increases,
which causes an increase in the membrane fluidity. Therefore, cholesterol can be inserted in
between lipid molecules, felling intermolecular spaces, tightening the membrane to preserve the
integrity of the membrane. On the other hand, at lower temperatures, cholesterol disrupt the
molecular packing of tight packed lipids to maintain the necessary membrane fluidity for cell

function.
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Figure 1.5. Structures of the predominant sterol in mammalian cells, cholesterol.

1.2.3. Membrane proteins

While lipids are responsible for the structure of the cell membrane, membrane proteins are the key
active components that mediate the cell interaction with its surrounding environment. Proteins are
responsible for many of the important cell functions, which include signalling and traffic, transport
and anchoring the cell. In living cells, membrane proteins may contribute from 50 to 80% of the
total weight of the lipid membrane.?®* Membrane proteins are characterised according to the
nature of their assembly at the membrane, where they may be fully inserted, also known as integral

proteins, or partially inserted, such peripheral proteins, as indicated in Figure 1.6.
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Figure 1.6 : Different types of proteins found at cell membranes. Full inserted proteins as single alpha helix
(1), multiple alpha helices (2), or as rolled beta-sheets (3). Peripheral proteins can be anchored to the
cytosolic surface (4), attached to lipid in the cytosolic monolayer (5), linked to phosphatidylinositol (6) or

to other proteins (7), (8). Figure reproduced from reference.”’

23



The activity of integral membrane proteins is usually dependent on the presence of a lipidic
environment, which serve as a support, or ‘solvent’ to proteins. Some proteins may interact non-
specifically with the bulk lipid bilayer, while others might have specific interactions to a small
number of lipids in order to maintain protein activity, also called annular protein-lipid interactions.
These interactions can be related to hydrophobic effects, hydrogen bonding or charge transfer and
are related to protein orientation and function.?! For example, it has been postulated that protein-
lipid interactions can be crucial for correct insertion, folding and topology of membrane proteins.>?
studies have indicated that the presence of positively charged amino acids in cytoplasm region of
proteins interact with negatively charged phospholipids and may help protein insertion to
membrane and orientation.*® For instance, anionic phospholipids, such PE, are required by LacY
to maintain the active transport of lactose, due to topological orientation in presence of PE.*
Similarly, MscL requires annular anionic phospholipids to stabilizes its open state, which can be
disrupted in presence cationic/zwitterionic lipids.>*>® In similar fashion, peripheral proteins may
require specific lipid environment to function. An example are annexins that binds to the surface
of lipid bilayers via negative lipids, such PS and PE, in a Ca®" dependent manner.’’® Also,
physical properties of lipid bilayers, such membrane fluidity or tension, are required guarantee
lateral mobility to promote protein activity.’! For example, due to their lateral mobility in a
membrane, the linear peptide gramicidin self-assemble to form protein-pore complex (- 4A)

forming ion channels that can accommodate the passage of monovalent cations.***

The lipid membrane is also required to aggregation of proteins. This is particularly important to
multivalent proteins which are able to bind to more than one lipid receptor at the cell membrane,
such Cholera Toxin (CT), Shiga Toxin (ST) and others.?*?! CT cross-link with GM1 in order to
promote stabilization and to facilitate protein uptake into cells.*! After binding to one lipid
molecule, the protein can diffuse within the lipid membrane to encounter other receptors,
stabilizing the bound protein to promote cell infection.*? This is discussed in Chapter 2. In addition,
the initial complex formed by Amyloid-3 peptide and GM1 oligomerizes leading to fibrils which

are responsible for the formation of aggregates that triggers Alzheimer’s disease.*’

Overall, proteins are active parts of the cell membrane that requires the cell membrane in order to

perform a certain activity. The next chapter will cover the main models used to mimic the cell
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membrane to explore the properties of lipid membranes along with the assembly of peripheral and

integral proteins.

1.3. Artificial models of the cell membrane

Cellular membranes are by nature complex, and the lipid diffusivity can be influenced by lipid-
lipid interactions, domain formation, protein and cytoskeleton interactions.** To overcome the
complexity of biological cells and gain access to the understanding of the structure and dynamics
of biological membranes, artificial membrane models have been greatly used to determine the
influence of lipid membrane composition, domain formation and other on the lateral mobility of
lipids. Bioartificial models of the cell membrane are an important field of studies to provide more
understanding about lipid dynamics and organization, and lipid-proteins interactions in a
compositionally controlled system, separated from the very complex cell environment.
Specifically, understanding the role of protein recognition by lipid membranes has an important
value for disease, both for understanding unique processes in disease mechanisms involving
membrane but also in devising therapy. Many components gain access to the cytoplasm by specific
signalling processes at the cell membrane. This information is usually promoted by a particular
receptor, typically mediated by proteins or glycolipids. However, due to the complexity of the cell
membrane, one can be difficult to isolate and analyse a specific it many experimental approaches

were developed during the last decades to address particular cell membrane properties.

To accurately evaluate protein-membrane interactions in artificial lipid bilayers, a fluidic
membrane model is required to guarantee the natural mobility of lipids and protein receptors. This
is particularly important in processes that involve aggregation or network formation due to the
need for lateral mobility. In this context, suspended lipid bilayers have increasingly become of
interest in biomimicry of membranes. In addition to that, the stability of the bilayer is crucial to
promote protein reconstitution avoiding denaturation of the membrane. Currently, different lipid

membrane models are being used to build artificial bilayers in vitro.

The most studied types of lipid membrane established for lipid membranes are lipid vesicles or
liposomes, Black Lipid Membranes (BLMs) and SLBs. Recently, pore suspended lipid membranes

have been introduced, expanding the possibilities to explore from different perspectives and
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pushing further the limits of the lipid membranes understanding and applications. Despite the
natural cell membrane asymmetry, most of the research concerning artificial models of the
biological membrane relies on pure symmetric-lipid membrane models. Recently, techniques for
producing asymmetric lipid bilayers along with computational simulations have provide
compelling evidence that the lipid asymmetry does influence not only the dynamics of the lipids
but also nano domains formation through domain registration. In lipid models recent effort have

been seen toward the production of more stable asymmetric lipid bilayers, from a wide range of

45,46 47,48

geometries which include supported lipid bilayers and liposomes.

1.3.1. Lipid Vesicles

Lipid vesicles or liposomes are one of the most widely used systems to mimic lipid bilayers.
Liposomes are spontaneously formed after dispersion of lipids in water, making them easy to
prepare.*” Liposomes can be classified according to the size (small, large or giant) and lamellarity
(uni- oligo-, and multilamellar vesicles).>* The term “unilamellar” refers to a vesicle formed only
by one lipid bilayer, which are the most commonly used on research. The size of liposomes can be
controlled to form Small Unilamellar Vesicles (SUVs), Large Unilamellar Vesicles (LUVs), Giant
Unilamellar Vesicles (GUVs) or Multilamellar Large Vesicles (MLVs) within the range of 100nm

to several micrometres (Figure 1.7).
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Figure 1.7. Schematic representation of the size distribution of liposomes.

e Small and Large Unilamellar Vesicles

In the recent years, several protocols of preparation of liposomes have been develop and optimized.
Basically, the preparation can be divided in two main groups according to the starting materials,
(a) from organic phase by transferring lipids from a solvent to an aqueous solution, and (b) from
rehydration of a dried lipid film.>! In this work, liposomes were prepared starting from a dried lipid
film followed by a lipid vesicle resuspension to an aqueous solution as illustrated in Figure 1.8. The
method involves solubilizing lipid molecules in an organic solvent, such chloroform, and posterior
solvent evaporation. Phospholipid molecules self-assemble into a stack of bilayers on a substrate
under solvent evaporation. On hydration, the dried bilayers separate from the substrate forming
spherical liposomes.> This is obtained because phospholipids are poorly soluble in water unless
they self-assemble into bilayers, excluding the hydrophobic tails from the bulk water phase. When
exposed to water, lipid films tend to minimize the edge energy associated to the exposed
hydrophobic tails by closing a spherical vesicle. The rate of rehydration affects the lamellarity of

the liposomes. Usually faster hydration allow the formation of multilamellar vesicles.!
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Figure 1.8. Mechanism of vesicle formation from dried lipid film to liposomes from a dried lipid film to
resuspended liposomes. After addition of aqueous solution, MLVs are formed after mechanical agitation.
In order to reduce lamellarity and size, MLVs are sonication or extruded to form SUVs/LUVs. Figure

reproduced from reference.”™

After resuspending liposomes in solution, a reduction on lamellarity and homogenization of size
might be desirable. This can be important to a certain application of liposomes, for instance,
multilamellar liposomes are less reactive in drug delivery and might aggregate or form multilayers
when used to prepare supported lipid bilayers. The reduction of lamellarity can be obtained by
subjecting liposomes to homogenization, sonication, extrusion or free-thaw cycles, which increase
the control of the liposome size distribution. In this work, liposomes were prepared by extruding
a solution of multilamellar vesicles through a polycarbonate membrane with specific pore

dimensions (Figure 1.9).5%>
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Figure 1.9. Apparatus used for liposomes extrusion. Obtained from Avanti Polar Lipids. Figure reproduced

from reference.””
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Due to its simple spheroid structure and relatively easy preparation, many applications of
liposomes have emerged since their introduction in the early 1960s, including carriers for
therapeutics in drug delivery and as artificial models of cell membranes to study physicochemical
properties of lipids and proteins in a controlled manner. Also, due to good biocompatibility and
biodegradability, lipid vesicles have been studied as carriers to medicine as platforms for drug
delivery.’® The closed volume of liposomes is suited for the encapsulation of hydrophilic drugs,
particularly to those having poor solubility or with low absorption ability, which can be
endocytosed by cells. The administration of liposomes-encapsulated drugs has certain advantages
to the free administration of the active form of a drug with potential increase the therapeutic
efficiency as the encapsulation of an active principle protects the therapeutic agent against
enzymatic degradation and immunologic inactivation, which might lead to inactivation of the drug.
In addition, in order to enhance their biological activity, liposomes can be functionalized with
artificial, such PEGlated liposomes, or biological molecules , such antibodies or peptides, as shown

in Figure 1.10.%"
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Figure 1.10. Schematic representation of liposomes in drug delivery systems. (A) conventional liposomes
containing cationic/anionic lipid, (B) liposomes with PEGylation, (C) ligand-targeted liposomes, (D)

Functionalized imaging liposomes. Figure reproduced from reference.’’

Liposomes have shown they are effective for the delivery of various genetic material, such RNA,
DNA and peptides to the cell.’® Lipid nanocarriers can be used in gene therapy as DNA carriers
for oligonucleotide delivery, which promotes uptake of poorly permeable species promoting
endocytosis.’” This has been particularly studied on the development of new messenger RNA
(mRNA)-vaccines, which are based on RNA encapsulation. For example, the development of new
chikungunya and zika viruses vaccines have recently used liposomes as carriers for mRNA.>*% In
addition, the mRNA of SARS-Cov-2 have been used to the preparation of vaccines worldwide. In
gene therapy, the encapsulation of DNA has particular interest in cancer therapy.®! The use

oligonucleotide cargos in gene delivery is explored in chapter 4.

e Proteoliposomes
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As stated in the section 1.2.3, membrane proteins require a lipid environment to retain their
structure and activity. Small and large lipid vesicles represent perhaps the simplest but very useful
approach to unravel the function of membrane associated proteins. Proteoliposomes, or liposomes
containing membrane proteins, have gained importance as biophysical tools to study lipid-protein
interactions as they preserve the structure and/or functions of proteins in a native-like state.
Different reproducible methods for the reconstitution of purified membrane proteins into lipid
models have been proposed and the success of the reconstitution depends on many parameters,
such the nature of the protein, type of lipids used, choice of solvent, detergent and others.?®? The
reconstitution of membrane protein in liposomes to form proteoliposomes can be obtained
following three different ways: Chemical reconstitution using organic solvents, direct
incorporation into preformed liposomes by mechanical means, and detergent-mediated

reconstitution (Figure 1.11).%°
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Figure 1.11. Schematic representation of different approaches for the reconstitution of functional membrane

proteins into proteoliposomes. Figure reproduced from reference.”
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Organic solvent-mediated reconstitution of membrane proteins has been used via direct
evaporation of a lipids/proteins mixture. With this method, membrane proteins and lipids are
mixed and solvent is evaporated. Then, proteoliposomes are prepared by resuspending the dried
lipid-protein film in an aqueous media. Certain proteins were successful incorporated into
liposomes, such cytochrome ¢ oxidase®*, rhodopsin®, bacteriorhodopsin®. However, the direct
contact of membrane proteins to organic solvents might affect their functionality. Another simple
approach to prepare proteoliposomes containing membrane proteins is via mechanical agitation or
sonication of lipid in presence of membrane proteins. It is a rapid and solvent/detergent free
method to produce proteoliposomes. However, a crucial drawback is that mechanical sonication

can lead to denaturation of proteins.®*

The most studied method of membrane protein incorporation is to use detergents mediate the
reconstitution of proteins to proteoliposomes. With this method, lipids and membrane proteins can
be solubilized in presence of a detergent or solubilized proteins can be mixed with preformed
liposomes.®” After adequate time, detergent is removed using dialysis, filtration or hydrophobic
resins.”® With the removal of detergent, lipid molecules tend to rearrange into bilayer structures
due to the isolation of the hydrophobic cores from water molecules. Also, membrane proteins tend
to accommodate within lipid molecules forming proteoliposomes. The nature of the detergent,
molecular weight (CMC), concentration and rate of removal are parameters to be controlled and
optimized during the process.?®% 70 The properties of most common deterrents are presented in

Table 1.

Table 1. Properties of common detergents used in proteoliposomes preparation. Adapted from””.

Detergent Category Mw (Da) CMC (mmol.L")
Sodium dodecvl sulfate (SDS) Ionic 288 7-10

Sodium cholate Tonic 431 13-15

CHAPS Zwitterionic 615 6

Triton X-100 Nonionic 647 02-09
n-Decyl-B-D-maltopyranoside Nonionic 483 1.8

Octyl glucoside (OG) Nonionic 292 23 -25
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The successful incorporation of protein, proteoliposomes size and homogeneity might be related
to the choice of detergent. For example, the incorporation of bacteriorhodopsin (bR) was subjected
to different protocols, which involved different detergents or lipids. For instance, Rigaud et al were
pioneers in studying the implications of different surfactants, such Triton X-100, OG and SC, on
bR reconstitution in purified egg-yolk phosphatidylcholine (egg-PC). They observed that Triton
X-100 and OG mediated insertion of bR was successful with partial and total solubilization of
liposomes, while SC successful only with complete solubilization of lipids. After reconstitution,
the protein was fully functional as the proton pump activity was retained. Interestingly, the
percentage of total inside-out oriented bR was higher for the partial solubilization of liposomes
obtained with Triton X-100 and OG, 85% and 95%, respectively.”! In addition, Wang et al reported
that bR was successfully incorporated into proteoliposomes comprised of various charged lipids,
such DMPG, DPPA, DOPS, DOTAP using OG as detergent. They reported that bR was more
likely to take its natural orientation in presence of negatively charged lipids, while the inside-out

orientation was obtained for neutral/positively charged liposomes.’?

Despite the formation of lipid-protein mixture or detergent used, the surfactant must be removed
to complete the formation of closed lipid bilayers with incorporated proteins. To achieve this, two
common methods are effective, dialysis and detergent adsorb-beads. Dialysis removes excess of
detergent against a detergent-free buffer. The detergent molecules passes though the dialysis
chamber leaving the proteoliposomes. Dialysis is mostly used to remove detergents with higher
CMC. Dialysis is a simple and cost-effective manner to remove surfactants. However, it can be

time consuming and may leave traces of detergents in the lipid solution.®?

Another efficient and widely diffused method is the use of adsorbent beads, such Bio-Beads SM-
2. The method has certain advantages over dialysis. First the detergent-adsorbent beads are added
directedly to the lipid-protein detergent solution, without the need of detergent-free buffer. In
addition, adsorbent-beads can be applied to all types of detergents independently of CMC. Perhaps
the most important advantage is that the rate of detergent removal can be controlled by varying the
concentration of Bio-Beads added, providing better reproducibility.®? In this thesis, adsorbent Bio-

Beads were used for the removal of triton X-100 in chapters 4 and 5.
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Thus, the varied protocols suggest that reconstitution of proteins to proteoliposomes are dependent
on the combination of phospholipid and detergent used, which could be achieved by empirical
experimentation. In this work, proteoliposomes were used to investigate the assembly of
bacteriorhodopsin in MSLBs using detergent mediated process. This is discussed in more detail in

chapter 3.

e (Giant Unillamelar Vesicles

Another important class of lipid vesicle is Giant Unilamellar Vesicles (GUVs), which represent
artificial liposomes with a diameter of > 1 um. GUVs are usually obtained by resuspending a dried
lipid film to a buffer solution. Originally introduced by Reeves and Dowben, GUVs were prepared
by the gently hydration of dried lipid film.”® In presence of an electric field, the rate of bilayer
separation is increased yielding to unilamellar vesicles with size varying from 10 to 100 um.”*
The main advantages of GUVs are the easy to prepared and manipulate and can be easily visualized
by microscopy techniques. In particular, since the direct observation of coexisting gel/liquid
phases for the first time’>, GUVs have been largely used to study the properties of lipid mixtures,
such phase formation’, lateral clustering’’ and lateral diffusivity’®. In membrane studies, GUVs
are a powerful tool for elucidating the structural aspects and lateral organization of lipids,
particularly related to phase separation.”> Due to its free-standing properties and membrane
fluidity, GUVs have been largely used as a biomimic model, however analysis is often limited to

fluorescence and imaging experiments.

In order to achieve more realistic model of membrane for study of lipid-lipid and lipid-protein
interactions, the preparation of GUVs with desired transmembrane lipid asymmetry is challenging.
Many effort has been made to induce transmembrane asymmetry in GUVs in chemically by
depleting lipid molecules from the membranes, such lipid depletion via methyl-B-cyclodextrin
(mBCD) lipid exchange*””, lipid hemifusion®, or mechanically using microfluidic apparatus®'.
Chiantia et al reported the first preparation of GUVs with asymmetric lipid composition using
mPBCD to introduce SM to the outer leaflet of symmetric GUVs comprised of DOPC. They
observed that the lateral diffusion of labelled SM in the outer leaflet decreased with the

concentration of SM.*’ Differently, other methods free of mPCD were proposed. Hu et al used
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microfluidics to assemble asymmetric GUVs in two independent steps where lipid monolayers
were built at water-oil interface and transferred to lipid droplets to a second oil-water interface.®!
Most recently, Eniki er al promoted the exchange of lipids using hemifusion of GUVs to supported
lipid bilayers in presence of Ca?*, which lead to the formation of asymmetric GUVs, as confirmed
by confocal microscopy.®® The use of charged lipids also lead to the spontaneous formation of
asymmetric GUVs. For instance, Steinkuhler et a/ reported asymmetric distribution of negatively
charged PS in GUVs after electroformation.®? However, the lipid asymmetry was nearly lost at
higher temperatures, above room temperature, usually required to preparation with saturated lipids

with higher melting temperatures, such sphingomyelin. %3

In all, despite the lateral lipid mobility provided by GUVs, they generally preclude evaluation of
impact of compositional asymmetry because of challenges in reliably building asymmetry in such
structures,® a key feature in realistic membrane models for lipid-lipid or protein-membrane
dynamics.®> Also, the inner solution is usually filled with non-ionic solution such sucrose
representing a deviation of the natural environment of lipid membranes. Other issues such long
term stability and limitations to their geometry represent important drawbacks of this model
system.® Overall, the use of liposomes as precursors to preparation of supported lipid bilayers, or
in protein incorporation, or in therapeutics or in studying lipid dynamics and properties
demonstrate the importance and ability of liposomes as a tool to biomimicry the plasma membrane
environment. In this work, liposomes were used to build MSLBs with transversal asymmetry,

delivering GSLs to the outer lipid leaflet and to study the incorporation of bR to MSLBs.

1.3.2. Droplet interface bilayers

Another interesting approach to obtain artificial lipid membranes are droplet interface bilayers
(DIBs). They are aqueous microdroplets (10 — 100 um diameter) immersed in an immiscible phase
surrounded by a lipid monolayer. When droplets are brought together in pairs, a lipid bilayer is
formed at the interface between the droplets.®” DIB are flexible tools to analyse the effects of
membrane lipid structure on bilayer transport since the droplet bilayer allows for direct observation

of species transport across free standing bilayers.®®
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DIBs can be prepared in oil using solubilized lipid molecules or liposomes. by dissolving lipid
molecules in an oil or incorporated within the droplets as vesicles.® In the first method, when a
drop of water is add to the lipid-oil mixture, containing the phospholipids, they rearrange
themselves forming a monolayer at the interface of the aqueous drop. This method allows the
preparation of asymmetric lipid bilayers but it is limited to the incorporation of membrane
proteins.®” Another way of preparing DIBs is by introducing an aqueous solution of liposomes to
an immiscible oil phase. With time, lipid vesicles will fuse at the boundary of the liquid drop
forming a lipidic monolayer. The formed monolayer droplet can be mechanically manipulated with
a micropipette within oil phase to assemble a lipid bilayer at the intersection between two or more
droplets. With this method, the use of proteoliposomes allows the incorporation of membrane

proteins to DIBs, such as mechanosentitive channel of large conductance (MscL)’® and OmpG.%’

DIBs have been used to study the electrical properties of lipid bilayers. Lipid bilayers can be
pictured as a biological parallel plate capacitor therefore electrochemical measurement is a useful
way to study their properties and to assess the area, thickness and surface potential of membranes.”!
While liposomes are not amenable to electrochemical study, electrochemical properties of the
formed lipid membranes can be accurately determined by the insertion of electrodes into droplets
which enable the application of a potential, as well as measurement of the ionic current flowing
though embedded channels and pores (Figure 1.12).°> Pore forming proteins For instance, the
electrochemical properties of membrane protein MscL were well characterized using DIBs.”%%%%
For instance, Haylock et al. studied the electrochemical properties of membrane protein MscL by
monitoting the pore channel activatity using choronoamperometry. Reconstitute proteins were
activated by the addition of MTSET. Using a series of DIBs, the observed that the electrochemical

signal propagated though the network upon sequential channel activation.”
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Droplet interface bilayer

A

Silver chloride electrodes

Lipid monolayer

Figure 1.12. Assembly of droplet interface bilayers for electrochemical studies of membranes. Water
droplets comprised of lipid vesicles are placed into a well of oil. The formed monolayers are manipulated

to form a DIB. Figure reproduced from reference.”’

Although DIBs are a versatile way of preparing lipid membranes containing membrane proteins,
they rely on the intersection bilayer formed at the contact between two monolayer droplets. This
reduces their application on more relevant studies over larger surfaces. The use of oil bath may
also directly affect lipid diffusivity due to the higher viscosity of the surrounding media faced by
the droplets. In addition, conditions such pH or salt concentration are difficult to readjust, which

may limit the application of lipid droplets and their biomimicry.

1.3.3. Black lipid membranes

Planar lipid membranes offer the possibility to directly address optical, electrical and chemical
properties of lipid membranes. One of the first models of planar membranes, Black lipid
membranes (BLMs) were first introduced by Mueller ef al. in the early 1960°s and have greatly
contributed to current understanding of lipid membranes.”® Usually, BLMs are generated by
painting lipid molecules dissolved in nonpolar organic solvent, such as n-decane, across a
hydrophobic micrometre to millimetre pore between two solution chambers, as indicated in Figure

13a and Figure 13b.°%7
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Figure 13. Schematic of a BLM free standing over a pore. (a) Process of fabrication of BLM involving
depositing a lipid bilayer from organic solvent solution. Figure reproduced from.”” (b) BLM spanned over

aperture of a hydrophobic substrate. Figure reproduced from.”*

The incorporation of proteins into BLMs can be obtained by exposing the preformed bilayer to
liposomes containing protein of interest. The first report was described by Miller and Racker
explored the ionophore properties of BLMs containing sarcoplasmic reticulum in BLMs with of
diameter 1 mm made of 30%PS-70% PE and by studying the conductance increase in presence of
Ca?".® This was also observed by Gomez-Lagunas et al when studying K* channels extract from
yeast, in similar experimental conditions, e.g., lipid composition and BLM size.!” Veatch et al
reported the incorporation gramicidin A into BLMs comprised of DOPC by mixing purified
peptides with lipids in chloroform. After solvent evaporation, the mix of DOPC/gramicidin A were
solubilized in n-decane. The pore formation was monitor as the conductance of the bilayer
increased with the surface density of peptide.!®! Recently, the introduction of horizontal BLMs
have enabled they interrogation by optical microscopy combined with electrochemical

102

measurements for studying ion channels'®? and ionophores.!®

Overall, the surface tension required to span a bilayer across a millimetre pore affects the long
term stability of membranes, often having a usable lifetime of less than 1h.!% Strategies have been
used to increase the stability of BLMs, such the use of hydrogel substrates'® or reduction of pore

size. Another inherent drawback of BLMs is the presence of residual organic solvent that may
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affect the structure of the lipid bilayer and any reconstituted proteins, reducing their stability and
possibly interfering in their properties. The direct transfer of lipid onto solid supported membranes
may mitigate some of those limitations. Thus, freestanding BLMs are synthetic bilayers for
studying fundamental electrochemical properties of lipid membrane and single-molecule studies
of protein electrophysiology. However, the short lifetimes, poor mechanical stability along with
the diffusivity in studying membrane diffusion, which is challenging or impracticable to be

evaluated using BLMs, limiting their applications in studying lipid and protein diffusion.

1.3.3. Supported lipid bilayers

A very widely applied approach to form artificial bilayers is to form solid supported lipid bilayers,
SLBs, by depositing a lipid bilayer onto a planar solid substrate (Figure 1.14). A typical SLB is
spanned across a thin water layer, typically 2 to 5 nm, depending on the hydrophilicity of the

t.98

substrate, which is sufficient to lubricate the lower leaflet.”® However, limit their application to

membrane protein functional investigation due to insufficient interfacial space requited to

accommodate the extra membranous segments of proteins.

Lipid Bilayer
000000000000000000,

000000000000000000.
Substrate

Figure 1.14. Schematic representation of a supported lipid bilayer to a solid substrate.

In contrast to BLMs, SLBs are more robust and depending on the fabrication method, a simple

bilayer can be readily formed, avoiding multilayers. They are more easily studied by surface
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sensitive methods, such atomic force microscopy, quartz crystal microbalance, photo-physical and
spectroscopic methods, allowing deeper understanding of the mechanical properties of lipid
membranes.'°1%7 The substrate directedly influences the analytical method applied to investigate
the lipid membrane. For instance, AFM requires atomically smooth surfaces, such mica, silica or
flat gold. Surface Plasmon Resonance (SPR) required a noble metal thin layer, usually silver or
gold. When prepared over transparent substrates, such silica, quartz, glass or PDMS, SLBs can be
visualized by fluorescence microscopy techniques using fluorescent tagged lipids or with the
addition of fluorescent dyes to the membranes, similarly to GUVs.!%® A drawback is that, SLBs
tend show reduced lipid mobility due to substrate-membrane interactions affecting membrane
fluidity and lipid diffusivity, usually limited within the range 0.3 — 4 pm?/s.!%-!1% In addition,
frictional or electrostatic coupling of SLBs to the substrate may affect the morphology of lipid

phase separation in comparison to free-standing membranes.**!!!

Supported Lipid Bilayers are frequently prepared using Langmuir films deposition, vesicles fusion
or a combination of the two methods (Figure 1.15). The use of Langmuir films (Figure 1.15a)
permits a layer-by-layer preparation of lipid bilayers with different composition, or asymmetric
composition. The lipid bilayers prepared by using Langmuir films are highly compact with great
substrate coverage and low defects. However, the incorporation of membrane proteins is limited
with this technique. The direct fusion of vesicles (Figure 1.15b), such GUVs or proteoliposomes,
allows the preparation of SLBs without the use of additional equipment. With this method, a
hydrophilic substrate, such glass is exposed to a solution containing lipid vesicles that disrupt at
the solid-liquid interface forming the SLB. The preparation of SLBs containing membrane proteins
can be achieved by this method using proteoliposomes. Although direct fusion of liposomes is a
simple way to prepare SLBs, lipid bilayers are limited to the composition of the liposomes,

hindering the preparation of asymmetric membranes.

A third method for preparing SLBs is the fusion of vesicles to pre-deposited lipid monolayers
(Figure 1.15c). This method is a hybrid from both previous methods. First, a lipid layer is
transferred to a hydrophilic substrate. Then, the substrate is exposed to a solution containing
liposomes. The lipid bilayer is then prepared layer-by-layer, which allows the preparation of

bilayer with asymmetric lipid membranes. The incorporation of membrane proteins into SLBs can
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be obtained, similar to the fusion of proteoliposomes, although the self-orientation of protein in

respect to the bilayer is relatively higher to SLBs formed with a pre-deposit lipid monolayer.'!?
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Figure 1.15. Schematic illustration of the main methods of preparation of supported lipid bilayers. a) The
Langmuir-Blodgett/Langmuir- Schafer Method: deposition of an underlying lipid monolayer on the
substrate using the Langmuir-Blodgett method followed by the formation of a second layer by horizontally
dipping the substrate. b) Vesicle fusion method: the addition of unilamellar vesicles to a hydrophilic
substrate and their spontaneous formation of a lipid bilayer ¢) Langmuir-Blodgett/Vesicle Fusion method:
deposition of an underlying lipid monolayer on the substrate using the Langmuir Blodgett method followed
by the addition of unilamellar vesicles which fuse and form the upper leaflet. Figure reproduced from

reference.’’’

Although SLBs are relatively simple to prepare and easy to interrogate though different surface
techniques, as described, the proximity of the lower lipid leaflet, to the substrate, which can vary
from 1 to 2 nm, hinders the membrane fluidity interfering directedly in the properties of lipid
bilayers.!'? Additionally, the interfacial separation may be too small to accommodate large integral
proteins, which can lead to loss of mobility and functionality.!!* Thus, the underlying space poorly

mimics the natural cellular space, which may affect molecules transfer across the bilayer.!!>!1¢ In
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order to overcome this issue, different approaches have been developed to reduce substrate-
membrane interactions by decoupling the membrane from the substrate, by increasing the distance

between the proximal leaflet to substrate.

An approach is using flexible polymer cushioned substrate to prevent direct contact of the bilayer
with the solid support, resulting in more fluidic membranes (Figure I.16a). Different polymers have
been explored as cushion supports, such as cellulose!!’, PEG''®, and S-layer proteins''®. Although
decoupling the membrane from substrate and in some cases, improving membrane diffusion,
cushions also typically interact with lipid membranes, therefore limiting their use as artificial
membranes. For example, Wang et al reported that lipid bilayers supported on PEG-cushion shown
diffusivity of 5.5 um?/s measured by single particle tracking (SPT), which was 10 fold faster than
similar bilayer supported on bare glass''>. Gyorvary et al shown that SOPC lipid bilayers
containing ATP synthase spanned over cellulose sheets have lipid diffusion measured by
Fluorescence Recovery After Photobleach (FRAP) of 2 pm?/s, while ATP synthase shown no
remarkable sign of lateral diffusion.!'” This is due to the fact that although the cushion might
increase lipid diffusion compared to bare SLBs, the hydrophilic links are too short to accommodate
membrane proteins. S-layer membranes have improved stability compared to BLMs, from 5 —
50h.''"® However, lateral diffusion of lipids is limited usually in the range of 0.5 — 3 um?*/s.!'® Other
issues were reported to loss of protein functionality of proteins when using polymer cushions may

hinder their application in biomimic studies.'*°

(a) Lipid Bilayer (b) Lipid Bilayer
00000000000000000.0) 00,0000
0.0,00000000000000,00) 000000000000000000 .

Polymer Anchoring
Cushion Agent
Substrate Substrate

Figure 1.16. Schematic representation of cushioned supported lipid bilayers spanned over a polymer spacer

and of tethered supported lipid bilayers.
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Another strategy to reduce frictional interactions between lipid membranes and substrate are based
on the use of anchor molecules to the lipid membrane, as observed in the Figure 1.16b. To do so,
self-assembled monolayers (SAM) of thiols or conjugated lipids can be introduced to the lipid
membrane. For example, Hughes et al demonstrated the use of thiol-POPC to form stable tethered-
supported lipid bilayers comprised of DPPC and POPC on gold prepared by sequential Langmuir-
Blodgett and Langmuir-Schaefer deposition.'?! Budvytyte et al proposed the use of a SAM mixture
of WC14, FC16 and HC18 with B-mercaptoethanol to functionalize gold substrates for the fusion
of DOPC vesicles. The highest diffusion coefficient of 4.0 um?/s measured by FCS was obtained
for the longest tether HC18, compared to approximately 2.0 um?*/s for shorter SAM, indicating
that greater separation from substrate enhances the membrane fluidity, as expected.!'?*> Using a
polymer-lipid spacer, Wagner and Tamm used DMPE conjugated to PEG to successfully decouple
a POPC lipid bilayer from quartz substrate. They observed that the lipid diffusion coefficient was
0.8 — 1.2 um?%/s. The mobility of peripheral proteins cytochrome b and annexin V was limited to
50%, with diffusion coefficient of 1 um?/s and 0.3 um?/s, respectively.'?° In addition, the influence
of frictional interaction with the substrate on the diffusion coefficient of molecules may depend on
the distance of the bilayer to the substrate. Using native cell plasma membrane from HeLa cells,
Wong et al demonstrated the effect of polymer length, represented by the molecular weight, on
the diffusion of GPI-anchored proteins. They reported the diffusion of GPI-anchored protein in
PEGylated DPPE was 0.01 — 0.1 pm?/s or immobile for short polymer PEG-1000. The diffusion
coefficient increased to 1 — 5 um?/s using longer PEG-5000.!%

Overall, these reported observations indicate that the use of polymer cushions or tether improve
the diffusion coefficient of molecules when compared to bare supported lipid bilayers. However,
they rarely improve membrane diffusion in comparison to free standing bilayers, such GUVs,
under similar conditions and frictional interactions are still present as observed in the reported
diffusion values.!** In order to avoid substrate interaction with lipid membranes, pore-suspended

membranes were introduced as a method to decouple lipid membranes from substrate.

1.3.4. Pore suspended lipid bilayers
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A relatively recent, alternative approach to improve membrane substrate interactions is to span the
membrane over a pore. Pore suspended bilayers, also known as free-standing membranes, have
been proposed to bridge the gap between solid supported lipid bilayers (SLBs) and BLMs.!? This
suspended format of the lipid bilayer over small pore, typically < 10 um, offers the possibility of
studying the properties of lipid bilayers away from the limitations imposed by membrane-substrate
interactions, such as poor lipid diffusivity or protein denaturation, as shown in the schematic

representation (Figure 1.17)

Lipid Bilayer
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Figure 1.17. Schematic representation of pore-supported lipid bilayers.

Bilayers can be spanned directly over hydrophilic porous substrates as the interfacial water layer
support the membrane in solid substrate contact. It makes a range of different materials have been
used to assemble such pore supported bilayers, such porous silicon, alumina, silicon nitride or

gold-coated silicon nitride!?®

. Materials may be functionalized with molecules to increase
hydrophilicity at pore rim improving affinity to the membrane. Gold-thiol chemistry is used to
produce SAMs on the pore rims.!?”!?® Silane chemistry can be applied on silicon and aluminium

oxide surfaces.!?>-%¢

Similarly to SLBs, pore suspended lipid bilayer can be obtained from different methods, including,
but not only, lipid transfer using Langmuir-Blodgett and or Langmuir-Schafer, vesicles fusion, or
a combination of LB/VF. The most used method to prepare pore-suspended membranes remains
the direct fusion of liposomes to the porous substrates. To obtain a pore-suspended membrane,
liposomes with diameter greater than the aperture of the pores are required, limiting the use of

SUVs and LUVs as they might disrupt inside the cavities rather than spanning across the pores.
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To this purpose, GUVs are a valid alternative. For example, Heinemann and Schwille demonstrate
a method to prepare free-standing membrane by direct fusion of GUV's to Si3N4 support containing
2.5 um pores (Figure 1.18a). The lateral diffusion of lipids was monitored by FCS and lipid bilayers
comprised of DOPC shown lipid diffusion of around 10 pm?/s.%® Using relatively smaller pores,
Kocun et al. used a similar approach to prepare solvent-free pore spanning bilayers using GUV
disruption onto porous silicon arrays with 1.2 um of diameter of individual pores. They reported
lipid diffusion coefficient measured by FRAP was 8 um?/s DOPC bilayers. (Figure 1.18b) A
drawback of this approach is that the bilayers formed after GUV fusion did not covered the full

substrate but rather create patches of lipid bilayer of few micrometres.

Aessusanns

Figure 1.18. Pore-suspended lipid bilayers prepared by GUVs fusion over porous substrates. (a) Figure

reproduced from.* (b) Figure reproduced from.’*’

Another method to prepare SLBs, Langmuir-Blodgett transfer provides the advantage of covering
larger areas than lipid bilayer prepared by GUVs disruption. However, this method was not fully
explored in the preparation of pore-suspended lipid membranes. Simon et a/ reported successful
preparation of pore-suspended membranes obtained by Langmuir-Blodgett transfer. Lipid bilayers

comprised of DOPC/DOPS (7:3 ratio) were spanned over 1 um pored-sized silicon arrays.!'!
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Although improving coverage of porous substrates, incorporation of proteins using LB methods is
limited. In this work, the lipid bilayers were prepared over 1 cm? gold or PDMS microcavity arrays
using Langmuir-Blodgett methods for the study of oligonucleotide delivery to MSLBs. The

experimental protocol is described more detailed in chapter 5.

Lipid bilayers can be prepared using a combination of LB with liposome fusion, similar to SLBs.
This is obtained by exposing a pre-transferred lipid monolayer to solution containing liposomes.
The pre-deposit monolayer seals the pores preventing liposomes to disrupt at the interior of the
cavities. However, few studies were conducted using this method. By eliminating the interaction
of the bilayer with the underlying solid support while conserving relatively the stability of SLBs
and allowing retention of lateral mobility, pore supported lipid bilayers permit the reconstitution
of integral proteins with higher lateral mobility compared to SLBs. This was evidenced by Basit
et al. that reported the incorporation of glycophorin A and amf3 using MSLBs. The reconstituted
proteins exhibit high mobility with diffusion coefficient of 4 pm?/s and 3.2 um?/s, respectively.!?
Furthermore, Keyes’s group have developed a microcavity array used using different materials,

such PDMS, gold, of which lipid membranes have been used to address lateral mobility of

37,132,133 7

lipids , build asymmetric lipid bilayers®’, and to evaluate passive permeability of

therapeutics'®31%3,

The use of LB combined with liposomes fusion opens the possibility of
preparing asymmetric lipid bilayers as well as the incorporation of membrane proteins to pore
supported lipid membranes. These two topics will be explored in the chapters 3 and 4. The
diffusion coefficient of lipid molecules in pore supported lipid bilayers shown lateral usually
matches the values reported for free suspended vesicles, such GUVs, and are in the range of 10
um?/s. 84136 These values are 4 to 10 times higher than diffusion coefficients found in SLBs,

evidencing a great advantage of pore-membranes over solid supported membranes. '3’

Other methods using chemical solvents were proposed. Recently, Watanabe et a/ reported stable
pore-suspended membranes over 4 um diameter using a microfluidic system of CYTOP over glass
substrate. The lipid bilayer was prepared in 3 independent steps: first, the microtube was filled
with aqueous solution. Then lipids dissolved in organic solvent were introduced in the chamber
forming a monolayer. After a second organic solvent was introduced containing other lipids.
Finally, the chamber was rinsed with water remove excess of lipid or solvent. The formation of

the suspended lipid bilayer was demonstrated using FRAP technique without reporting diffusion
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of lipids.!*® However, the use of harsh solvent limit the application of this method to the

reconstitution of membrane proteins.

Overall, artificial membranes represent a more simplest platform than biological membranes, they
provide good information about the lipid-lipid and lipid-protein interactions. Each system here
presented has advantages and drawbacks. In this work, the use of a microarray was evaluated as
sophisticated platforms to the preparation and characterization of asymmetric lipid bilayers along
with the peripheral and integral assembly of proteins. The bilayers were prepared in a microfluidic

environment by a hybrid LB/VF method without the need of harsh organic solvents.

1.4.Lateral diffusion and membrane fluidity

Lipid bilayers are complex in nature and its detailed organization of cellular membranes in
biological cells remain to be revealed. Certain properties of cell membranes such lipid composition
has been demonstrated to be heterogeneously distributed across the lipid leaflets. Also, lipids may
form transient nanodomains that serve as platforms for membrane proteins to function. These
properties may be reflected on certain membrane properties, such lipid diffusivity, which can be
accessed by artificial ways. Membrane fluidity is important for several reasons as it ensures the
dynamic environment required to enable functional components, such proteins and glycolipids to
diffusion to their reaction sites and permits for aggregation and clustering processes involved in
membrane signalling.'* It has been shown that small deviations on the membrane fluidity of cells
can affect cell’s properties and lead to variations in several functions, including protein expression,

exposure of cell membrane receptors and functional properties of the cell membrane.'®

In biological membranes, the constituents such lipids, proteins or cholesterol can laterally diffuse
within the lipid bilayer. The mobility of molecules in lipid membranes is determinant, for
lipid/protein activity to interact with other molecules in the membrane or from the surrounding
environment. For instance, processes that lead to cross-linking of receptors at cell membrane
requires the presence of mobile receptors within the membrane.'*° Therefore, it is vital for artificial

membrane models to encompass sufficient fluidity.
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1.4.1. Theoretical models of diffusing constituents at lipid membranes

Membrane proteins can be integrated in lipid membranes or associated with the surface of cell
membranes. In this context, lateral diffusion of proteins is important for cell activity.!*!
Investigation of lipid/protein mobility in biological and artificial lipid models can provide
information on membrane structure and dynamics. One of the key goals of this work is to
accurately determine the diffusion coefficient of lipid molecules and transmembrane proteins, with
emphasis on the peripheral binding of CTb, HA1 and membrane proteins such as bR and integrin
asP1. We were particularly interested in the lateral assembly of proteins and their membrane
receptors at lipid membrane. To this end, the change in the diffusion coefficient of proteins after
receptor-binding determines the aggregation and local lipid environment. Throughout this work,
we sought on obtaining the diffusion coefficient, commonly in um?/s, of molecules, or the distance

a particle may travel due to its motion.

The diffusion of a molecule can be described as a random trajectory, or random walk. For example,
a molecule in solution may diffuse randomly due to random shocks with water particles. For
example, In 1827, Robert Brown observed that pollen grains inside water moved around randomly.
His first thought was that the pollen was alive. Instead, the pollen grains moved around due to the
collisions of water molecules with the grains. It was the first observation of what become called
as Brownian motion, or random walk. The free Brownian motion as related to the movement of a
molecule in a fluid is described by the Einstein relation (Eq 1), where (r(t)?) is the main square
displacement (MSD) is proportional to the time t and the diffusion D, as shown in the Equation
1.1.

(r2(t)) = ((r(t) — r(0))?) = 4Dt (Equation 1.1)

. In lipid models, especially free-standing bilayers, such GUVs, membrane constitutes can freely
diffuse according to Brownian motion. The presence of lateral heterogeneities in the membrane

may cause the diffusivity of its constitutes to be hindered, resulting in anomalous or sub-diffusion.
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This phenomenon is a deviation from the Brownian or “random walk” diffusion of particles, where
distance travelled by the molecules in not proportional to time, but to 4Dt* the exponent o varying
from 0 to 1. According to Stokes-Einstein equation, the diffusion of a molecule in a liquid with

low Reynolds number is described by the relation between the radius (r) as shown in Equation 1.2.

kg. T
D= =
6mnr

(Equation 1.2)

Where Kg is the Boltzmann constant, T is the temperature of the media, and 7 is the viscosity of
the bulk solution. In lipid bilayer, molecules are treated as inclusions diffusing in a viscous media.
However, the diffusion of particles in lipid membranes is 2D. Within a membrane, lipids move
laterally through intermolecular gaps in the membrane. To explain the lateral diffusion of a
molecules within a lipid membrane we used the Saffman-Delbriick model. This model describes
the diffusivity (Dr) of molecules in a lipid bilayer as a cylindrical object diffusing within a thin

layer of a viscous fluid surrounded by a less viscous fluid (Equation 1.3).

_ kBT BhY Equation 1.3
DL - 4muh (ln (ulr) Y) ( a )

Where D is the lateral diffusion of the cylindrical inclusion of radius 7, T is the absolute
temperature, h is the lipid membrane thickness, y is Euler-Mascheroni constant (approx. 0.577),

u and p' are the membrane viscosity and the bulk solution viscosity, respectively.

The Saffman-Delbriick model is widely used in the literature to describe the diffusion of proteins
in lipid membranes. Various studies have shown that the model can be used to predict the
diffusivity of membrane proteins.'*>"'*> The model infers a logarithm dependence of diffusion on
radius of protein, which in practice means that the variance on protein radius has little effect on

the diffusion coefficient, as shown in Figure 1.19.
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Figure 1.19. Size-dependent lateral diffusion of integral proteins in viscous thin lipid membranes. Solid
lines represent the fit of data do Saffman-Delbriick model. The 1/R model was included for comparison.

Figure adapted from.’*

However, in spite of being widely used to describe protein diffusion, the Saffman-Delbriick model,
the relation between protein size and diffusion remains in debate. For instance, Gambin et al.
observed that the lateral mobility of proteins was strongly radius dependent. They proposed that
the lateral diffusion of proteins was inversely related to radius r, or 1/R, and not logarithmic.'*® In
addition, Ramandurai et al. pointed that the hydrophobic mismatch of proteins in lipid membranes
may lead to deviations from the Saffman-Delbriick model.!* It is therefore suggested that the
Saffman-Delbriick model is applicable for particles with radius below a critical value, reported as

10 nm and 7 nm'?.

1.4.2. Factors influencing lipids and proteins diffusivity
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Many factors can influence the mobility of lipids and proteins within membranes, such the lipidic

composition of the membrane, lipid distribution, protein concentration and external factors.
e Membrane composition

The cell membrane is believed to be heterogeneously laterally organised. Saturated lipids and
sterols are believed to form domains and also nanoscale structures within in the lipid membrane
such as “rafts” The concept of the lipid raft was initially introduced due to explain the observation
of insoluble fractions of lipid membranes from detergent extraction. DRMs have been shown to
be mainly composed by sphingolipids and cholesterol along with proteins and glycolipids.>* This
lateral segregation is believed to serve as a platform for protein and lipids and may be required to

certain cell functions.

In artificial membranes, the physico-chemical properties of membrane lipids, such length of fatty
acid tails and degree of saturation of side chains, have been shown to impact the lateral packing of
membranes and can result in the formation of distinct phases. Lipids have well defined transition
phase temperature, which is dependent on the degree of saturation of the backbone hydrophobic
tail. Unsaturated tails reduce lateral lipid packing due to the higher hydrophobic bulk volume of
unsaturated fatty acids resulting in a more flexible membrane with lower melting point (Tm). This
can lead to the formation of more fluidic phases with increased lipid mobility, also known as liquid
disordered (Lq4) domains (Figure 1.20a). The degree of unsaturation of lipids is related to the poorly
packed membranes, it strongly indicates that the packing of membrane affects D.'*® In agreement,
data obtained from molecular dynamics simulations have been reasonably successful in predicting
the lateral diffusion coefficients.'* On the other hand, due to greater van der Waals interactions
along the length of the lipid tail, saturated fatty acids pack more tightly in membranes resulting in

more rigid phases, or gel phases (Lg or S) as indicated in Figure 1.20b.
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Figure 1.20. Representation of different lipid phases: (a) unsaturated lipid molecules Gel-phases formed by
saturated lipid below Tm, (b), (c) liquid-ordered phase comprised of saturated lipid and cholesterol. Figure

adapted from reference.’”’

In lipids models comprised of lipid with low and high melting point, cholesterol laterally
segregates into ordered domains (L,), containing preferentially with saturated phospholipids, as
shown in Figure 1.20c. Bezlyepkina et al. suggested a phase diagram of ternary lipid mixtures of
unsaturated DOPC, saturated SM (T, DOPC = -20 °C, Tm SM = 45 °C) and cholesterol (Figure
1.21). In this diagram is possible to identify the different phases that would be formed at a certain
concentration. For example, lipid bilayers comprised mostly of SM will form gel phases (blue
area). The addition of cholesterol induces the formation of Lo + S (green area). By the mix of
DOPC/SM two independent phases are obtained a L4 enriched in DOPC and a Lo enriched with
SM (dark blue area). The addition of cholesterol causes the gradual formation of L, phases as

indicated in pink and red areas.
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DOPC d SM

Figure 1.21. Estimate boundaries of one, two and three phase regions of DOPC, SM and Cholesterol. Figure

adapted from reference.”’’

The impact of lipid phases in the diffusivity of membrane components have been studied using
lipid models. For instance, Ariola et al. used an integrated fluorescence-dynamic assay of
monophasic, biphasic and ternary composition of GUVs showed the influence of Lq and S phases
on the diffusivity of fluorescently tagged bodipy-cholesterol (Figure 1.22).'> They observe that the
diffusion coefficient of cholesterol in monophasic lipid bilayers comprised of DOPC was 7.4 + 0.3
um?/s determined by FCS. In contrast, lipid bilayers comprised of SM showed diffusion coefficient
of 0.35 um?/s. This difference is associated to the partition cholesterol to more viscous ordered
phases enriched in SM. Sezgin et al. reported similar observations using GUVs comprised of
DOPC/SM/Chol. The diffusion coefficient obtained by FCS was 10-fold for L4 in comparison to
Lo domains, determined to be 5 pm?/s and 0.5 pm?/s, respectively, indicating a higher fluidity for

Lq portions of GUVs. !5
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Figure 1.22. Formation of lipid phase domains in GUVs. (a) Ternary phase diagram of DOPC/SM/Chol at
23 °C. (b) Confocal images of GUVs of varied lipid compositions labelled with bodipy-Chol and Dil-Ci».

Scale bar, 10 pm. Figure reproduced from reference.’””

Other lipid models, such SLBs were equally used to explore the impact of lipid phases on the
diffusion coefficient of particles. For instance, Woodward and Kelly used FCS to determine the
diffusion coefficient of lipid in L4 and Lo phases on glass supported lipid bilayers. The diffusion
of DPPE-TR was 4.9 um?/s reported for lipid bilayers comprised of DPPC (Lq). The addition of
DiPhyPC and cholesterol to DPPC caused the formation of L4 and L, phases, which altered the
diffusion of DPPE in Ld phase to 2.4 pm?%s. '>* These observations indicate that the diffusion
coefficient of molecules in Lo domains is significantly lower than the diffusion in Ld phases due

to the enhanced lateral packing of lipids in Lo phases.

Along with domain formation, it has been suggested that membranes might rearrange the lipid
membranes in a way that the special coincidence of domains at both leaflets. This interdigitation
in believed to be implicated in nanodomains organization and to be involved in several events such

signalling'>®, proteins co-localization'*®, immunological responses'®’

and protein insertion to
membrane'*8, The phase-segregation and co-localisation is usually studied by computation
simulation using phenomenolical free energies. For instance, Reigada studied the effect of carbon

tails of saturated lipids on domain registration (Figure 1.23). The lipid bilayers were comprised of
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unsaturated DUPC, saturated DLPC or DSPC and cholesterol. He observed that bilayer containing
short-tailed DLPC resulted in domain registration, while long-tailed DSPC results in anti-
registration. However, the diffusion of PC lipids in ordered phases was observed to be higher in
the anti-registration configuration, to be 5.1 um?/s, than in registration configuration, 4.3 um?/s.
The diffusion of lipids in Lq phases was 8.8 um?/s and 8.1 pm?/s for the membranes with DLPC
and DSPS, respectively.'>

Registration

BTN .
i

Anti-registration

Wi

Figure 1.23. Schematic representation of ternary lipid membranes segregated in Ld and Lo domains
containing saturated lipid (elongated), unsaturated lipids (shot) and cholesterol (grey disks). Two

configurations can be obtained: phase registration (upper diagram) and anti-registration (bottom diagram).

e Transmembrane asymmetry

In addition to lateral segregation of lipids observed in lipid domains and plasma membranes, cell
membranes were observed to have an asymmetric transmembrane composition, i.e., each leaflet
has a different composition. This was firstly introduced in 1972 when the asymmetric composition
of erythrocyte cells was revealed, indicating that lipid membranes were more complex than
previously thought.'®® For example, many phospholipids, such as PC and SM are located
predominantly in the extracellular lipid leaflet of cells. Amino phospholipids, such PI and PS, are
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mostly present in the cytosolic lipid leaflet.!®!:162 Other example are gangliosides, which reside at

the extracellular leaflet of plasma membranes.'6%164

The regulation of lipid asymmetry is carefully controlled in the living plasma membrane.
Membrane proteins such ATPase regulate lipid sidedness of PS and PE in cytoplasm leaflet.'®®
The functional roles for asymmetric phospholipid distribution have been suggested, for instance,
structural and regulatory proteins such annexin'®, protein kinase C'%” and spectrin'®® are localized
to the cytoplasmic leaflet due to their interaction with PS. In contrast, the disruption of lipid
asymmetry exposes PS to the extracellular environment. This can generate, for example, a
procoagulant surface on platelets which triggers macrophage recognition of apoptotic cells.'®

Therefore, transmembrane lipid asymmetry contributes to the cell complexity and has been a

challenge to be consider as a key factor in more realistic biomimetic models.

The interdigitation between lipid leaflets is also believed to occur and be important in asymmetric
membranes.'®? Perhaps the simplest method to study lipid asymmetry is using supported lipid
bilayers in which experimental observation of interleaflet coupling has been observed. For
example, Wan et al. showed that supported lipid bilayers exhibit more ordered domains in
asymmetric lipid bilayers containing PC/PE/PS/chol in outer leaflet and PC/SM/chol in the inner
leaflet than in symmetric lipid bilayers containing PC/SM/chol. They highlighted that
PC/PE/PS/chol membranes are not able to segregate in lipid phases into their own, and phase
separation was only observed in asymmetric bilayers.'® The diffusion coefficient of the lipid
membranes was reported in an independent study by Kiessling et al. Using SPT the diffusion
coefficient of individual leaflets was obtained for L, and L4 phases. The PC/SM/chol leaflet
proximal leaflet to the substrate exhibited D of 0.20 um?/s and 0.23 um?/s for L, and L,
respectively. The distal leaflet comprised PC/PE/PS/chol shown diffusion coefficient of 0.18
um?/s and 0.16 um?/s for Lo and Lq4. The reason for this difference is not clear. However, the
interaction of the bilayer with the substrate might introduce inherent interactions that could affect
the lipid mobility of asymmetric phases.'”’ Also, using asymmetric GUVs prepared by lipid
exchange with MBCD, Chiantia et al. showed that after exchange of SM from GUVs the lateral
diffusion of lipids in the asymmetric lipid bilayer was reduced.*’ Interestingly, Chang and London

observed that phase separation in LUVs show higher domain separation after SM exchange with
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MBCD.” Therefore, it is clear that the transversal asymmetry of lipid bilayers and domain

registration can alter the phase separation and the diffusion coefficient of lipid molecules.

However, lipids are dynamic and can diffuse from one layer to another, in a movement known as
“flip-flop” or transversal diffusion. Although significantly slower than translational diffusion, flip-
flop can be affected by temperature and membrane composition. Small molecules, such
cholesterol, are expected to diffuse freely from one leaflet to the other.!”! Lipid phases may alter
this dynamic process as it has been suggested more loosely packed phases (L4) is enabling.!”?
Many efforts have been made to quantify the rate of flip-flop in lipid models, indicating that the
loss of lipid asymmetry in lipid systems depends mainly on the lipid phase (Lo, S or Lq) is expected
to maintain several hours below the T of lipids as previously reported.*!’>!”> For instance,
Kiessling et al. shouw that supported lipid bilayers lost their asymmetry over 15 hours in a uniform
bilayer. Therefore, LB/VF bilayers could be used for 2 to 3 hours.!”® Using MSLBs, Robinson et
al. explored the lateral assembly of Annexin V at asymmetric lipid bilayer contain DOPS. They
reported that the no appreciable Annexin binding was observed over the first 21h when DOPS was

asymmetrically distributed in the inner lipid leaflet.’’

Other aspects may affect the diffusivity of lipid molecules and proteins in lipid membranes. For
example, the inclusion of membrane proteins might represent an obstacle to lipid diffusivity,
affecting the affect the diffusion of lipid. Ramadurai ef al. studied the effect of membrane proteins
on the diffusivity of lipids and proteins in GUVs. They observed that the mobility of lipids and
proteins was reduced up to two fold with the increase of protein concentration.'*® In addition, Frick
et al., shown a that the diffusion of proteins in plasma membranes was reduced when total protein

content was increased.'’*

Overall, lipid asymmetry is an important physical property of membranes responsible for
maintaining biological activities of cells. The dynamic environment of lipid membranes enables
several intermolecular events to occur, such protein-protein, protein-lipid and lipid-lipid
interactions. The understanding of the lateral asymmetry as well as lipid mobility and the factors
affecting the membrane fluidity are key points to unravel the functionality of proteins and lipids

in artificial lipid membranes.
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1.4.3. Techniques used to measure the lateral diffusion of membrane constituents

In order to observe and quantify the motion of individual molecules, single molecule techniques
have permitted understanding the two-dimensional (2D) movement of molecules within a lipid
membrane but also the three-dimensional (3D) diffusivity of molecules in the cytoplasm as well
as membrane bound molecules. A variety of experimental techniques have been employed to
determine the diffusion coefficient of membrane constituents, therefore, making it a widely
interrogated parameter of membrane dynamics and organization.** Over the years, different single
molecule microscopy techniques have been employed to access the diffusivity of membrane
constitutes, such Single Particle Tracking (SPT), Fluorescence Recovery After Photobleaching
(FRAP) and Fluorescence Correlation Spectroscopy (FCS).

SPT is a single molecule technique that records the position of a fluorescent tracer molecule at
certain time intervals. The molecule is imaged, and its trajectory is recorded as a series of time
steps using a camera-based system. STP is performed by using an optical tag, such as gold
nanoparticles'’> or with single fluorophores.!’® The mean square displacement is calculated based
on the trajectory of the particle. In the case of random motion, SPT analysis can provide the
diffusion coefficient of the particles and type of diffusion (Figure 1.24). However, the use of large

particles could alter the mobility of molecule of interest.
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Figure 1.24. Tracking and mean-square displacement (MSD) obtained by SPT. (a) Single particle is present
in the excitation volume with x and y coordinates. Central position of particle is obtained from 2D-Gaussian
function. (b) MSD plots of trajectory showing the distances travelled by the particle. (¢) Time dependence

of MSD shows different types of diffusion confinement. Figure reproduced from reference.’””
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Another technique widely used to interrogate diffusional properties of molecules in lipid
membranes, FRAP uses an intense laser beam focused on a region of interest relatively large (up
to several pm?) to photobleach fluorescence labelled molecules followed by the recovery of new
fluorescent molecules into bleached area. The diffusivity of fluorescence molecules can be then
calculated based on the time recovery of the of fluorescence signal of dye molecules into the pre-
bleached area.'’”® FRAP has been widely used to study membrane diffusion in lipid models as
previously described in the section 1.3. However, the technique is limited in special and temporal

resolution and high concentration of fluorophores.!”

Finally, in the work described herein, we used the single molecule fluorescence techniques of
FCS/FLCS to explore the diffusional characteristics of lipid membranes, reconstituted proteins
and others in MSLBs. FCS/FLCS provides information about the diffusivity of fluorescent
molecules based on the of the temporal fluctuations of fluorescence intensity of fluorophores
diffusing into a femtoliter volume. The temporal intensity is autocorrelated providing local
information (on the length-scale of the confocal volume) about parameters including the diffusion
coefficient, particle concentration, flow rate, aggregates formations and triplet lifetimes.'®’
Therefore, kinetics, medium viscosity and other insights can be resolved by FCS. Particularly, the
confocal volume of FCS/FLCS, typically radii of 300 nm, is smaller than the aperture of
microcavities, which correspond to approximately 2 um, of which allows the interrogation of pore-

supported lipid bilayer away of the interference of the substrate.

FCS/FLCS technique is discussed in more details in the section 1.5.3. However, it is important to
highlight that FCS/FLCS provides some important advantages compared to SPT or FRAP. First,
the femtoliter confocal volume of FCS/FLCS provides a significantly better special and temporal
resolution and FRAP. This is particularly important to the dimension of cavities, which allow the
interrogation of individual pores away from the hindered diffusion of rim supported bilayer. In
addition, FCS/FLCS is a non-destructive to the fluorescent molecules which can be used to
interrogate local molecule concentration and kinetic data.** Another aspect of FCS/FLCS is the
low concentration of fluorophores required compared to FRAP. The introduction of exogenous
molecules may affect the membrane fluidity. In addition, the difference of length in measurements

may led to variances on the diffusion coefficients. Guo et al. reported a direct comparison between
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FCS and FRAP when determining the diffusion coefficient of NBD-PE in POPC bilayers
supported on glass, as shown in Figure 1.25. The diffusion values of tagged PE obtained from FCS
and FRAP were 3.1 um?%/s and 1.0 um?s, respectively.!” They observe that this discrepancies in
diffusion values may be related to difference in area of observation for the techniques. While FCS
measures the diffusion on a diffraction-limited sport of approximately 500 nm, the region of
interest obtained with FRAP is 5 to 6 um. Therefore FRAP is more likely to measure defects or

other artifacts which can led to a reduced apparent diffusion.!”
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Figure 1.25. Comparison of the diffusion coefficient obtained from FCS, FRAP, and SPT on SLBs and
GUVs comprised of POPC. The number of measurement is indicated by n. Figure reproduced from

reference.’”’

A drawback of FCS/FLCS is that due to the low concentration of fluorophores required by the
technique slower diffusing molecules might suffer from photobleaching, depending on their

photostability. Therefore, an adequate mobility is a prerequisite to the successful application of

FCS/FLCS measurements.
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1.5. Background to Techniques used for preparation and characterization of

Microcavity Supported Lipid Bilayers

Microcavity Supported lipid bilayers were prepared throughout this thesis using hybrid two-step
method based on Langmuir-Blodgett followed by vesicle disruption. The membranes
characterization was mainly conducted by Fluorescence and electrochemical technique. Here, the
main techniques used to prepare and evaluate membrane formation and fluidity, protein binding

and diffusivity as well as oligonucleotide delivery are reviewed.

1.5.1. Langmuir-Blodgett Lipid Transfer

The Langmuir-Blodgett (LB) methodology is based on the transfer of a monolayer film of
amphiphilic molecules formed at a water/air interface to a solid substrate. Those molecules
adsorbed at the water interface self-assembled into a monolayer, known as Langmuir film. Certain
properties of the film, such molecular packing, density or arrangement can be varied by
compressing the molecules between two barriers. Therefore, it allows the preparation of films with
2D lateral dimensional control, such interparticle distance, and can be used to build thin films of

nanoparticles, silver nanowires, graphene, and others.

Phospholipids and other amphiphilic molecules re-orientate with the hydrophilic polar head group
facing the water subphase while excluding the hydrophobic backbone carbon tails to air above the
subphase. The accumulation of insoluble molecules to the water surface reduces the surface
tension of water. It is possible to express the surface tension of a Langmuir film (IT) with the
surface tension of water before monolayer (y,), which corresponds to 72.8 mN/m at 20 °C, and the

surface tension with monolayer (y), as shown in Equation 1.4.

H=y,—vy (Equation 1.4)

When compressed at constant temperature, the surface pressure of an ideal Langmuir films

increases, similarly to an ideal gas compressed by a cylinder in a closed chamber. Consequently,

61



the relation between surface pressure and area of lipid monolayer compressed by the two barriers
is an isotherm, in which the surface pressure is inversely proportional to the area of the compressed
film at constant temperature. To measure the surface pressure of a subphase covered by a thin lipid
film can be obtained using a Wilhemy plate. This method is based on the absolute measurement
of the surface tension of the film on a plate, usually platinum or paper, partially immersed in the
subphase. The variation on surface tension is converted to surface pressure using the dimensions

of the plate.

Phospholipids and other amphiphilic molecules may present distinct regions of phases in the
isotherm which can provide information about the monolayer at a given pressure. A typical
isotherm that presents several phases formed under compression is displayed in Figure 1.26. The
initial phase is called gas phase, due to the distance between the molecules that can diffuse freely
at water/air interface, limiting their intermolecular interaction. Upon compression, the molecules
intermolecular decreases and the molecules enter in a liquid-extended state (LE). Upon further
compression the molecules enter in a liquid-condensed state (LC) as the intermolecular forces
become stronger. With additional compression a compact ordered monolayer is formed known as
solid phase (S). At this state, further compression will cause the monolayer collapse or the
formation of a more stable 3D structures may occur, according to the nature of the amphiphilic

molecule.
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Figure 1.26 : Representation of a typical isotherm of amphiphilic molecules.

In order to form a Langmuir film and transfer it to a solid substrate, the amphiphilic material is
dissolved in a volatile solvent and applied to the water subphase. The solvent should be insoluble
in water and spread easily, preferentially with a positive spreading coefficient. After solvent
evaporation, which could take several minutes, the monolayer film is compressed to an adequate
surface pressure to avoid collapse of the film. Then, the monolayer can be vertically transferred to
a hydrophilic substrate, as illustrate in Figure 1.27. To build a second lipid layer, the substrate can
be dipped into solution vertically (LB/LB) or horizontally, known as Langmuir-Schaefer transfer
(LS). These excellent combinations of LB/LB or LB/LS are two methods for creating asymmetric
bilayers. The second method is a combination of the previous two methods where the monolayer
is created using the LB and the upper layer is formed by liposome fusion.'®! This method allows
the formation of asymmetric bilayer along with the incorporation of peripheral and transmembrane
proteins. Additionally, this approach can be used to form complex artificial membranes within

microfluidic systems were the exposure to air can be controlled by sealed devices.
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Figure 1.27. Schematic representation of lipid monolayer deposition to a microcavity array. (1) The lipid
monolayer at gas phase is compressed. (2) at more ordered phase the substrate is pulled vertically while the

barrier is compressing transferring the monolayer to the substrate.

1.5.2. Confocal Microscopy and Fluorescence Lifetime Imaging Microscopy

The introduction of the optical microscope in the seventeenth century has allowed scientist to
observe micrometre sized particles and resolve features on this length scale therefore playing a
central role in unrevealing the complex mysteries of biology, particularly to the discovery of
several microorganisms, such bacteria, cells and organelles. Over the past three centuries, the
introduction of new technologies has led to significantly advanced microscope designs improving
dramatically image quality with minimal aberration. Although despite the advanced technologies
in producing modern lens, glass-based microscopes are limited to a diffraction barrier, also called
as diffraction limit of light. The theoretical description of the resolution of a microscope was
introduced by Ernest Abbe in the late nineteenth century. According to Abbe, the resolution of a
microscope, Ravve, Or the ability of the optical instrument to distinguish between to specimens, is

defined by the numerical aperture (NA) of the objective (Equation 1.5):

0.614 (Equation 1.5)
Rappe = —y1=
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Although the diffraction limit imposes an important constraint to optical microscopy, confocal
microscopy has emerged as is one of the most used optical techniques applied to cell and
biomimetic lipid bilayers imaging. The technique consists of exciting fluorophores with a
collimated laser in a focal volume. In confocal microscopy a laser line coupled to an inverted
microscope that excite fluorescently labelled molecules in a specific area from within a thin focal
plane. The image is therefore formed by the emission intensity of fluorophores. The use of a
pinhole allows confocal microscopy to exclude scattered or out-of-focus light from outside the
focal plane resulting in a higher resolution image and lower background. The emitted photons
collected e.g. by an avalanche detector are then converted to an electrical signal. A schematic

diagram of confocal microscope is represented in Figure 1.28.
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Figure 1.28. Schematic diagram of the components and optical setup in a laser scanning confocal

microscope.

Confocal microscopy has been used to image fluorescence tagged supported and free-standing
bilayers, as discussed in previous sections. To obtain more information about the local
environment of molecules, the fluorescence collected from specimen can be also investigated by
quantifying the fluorescence lifetime of the fluorophores. Fluorescence lifetime is a molecular

photophysical property which provides an estimate of the average time a fluorophore persists in
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excited state for before emitting a photon.'®? This can be quantified with the use of time correlated
single photon counting (TCSPC) in order to determine the fluorescence lifetime of a fluorophore.
This method used a time gate to measure the time passed between the excitation pulse and the
emission a fluorescence photon. The synchronization of detected signals can be sorted into
histogram of the fluorescence decay over time, from which the fluorescence lifetime can be

determined (Figure 1.29).'%3
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Figure 1.29. Schematic representation of TSCPC photon counting and probe lifetime. After repeatably
exacting a fluorophore (left) the arriving photons are counted into a histogram (middle). The fluorescence

lifetime is obtained from the calculated decay (right). Figure adapted from reference.’*

Florescence Lifetime Imaging Microscopy (FLIM) is a technique that maps as images the lifetime
decay of emitted photons from fluorescence molecules across a sample. In order to obtain a lifetime
image, the lifetime of photons is related to individual pixels, which can generate a false-colour
image. Based on the fluorescence lifetime of fluorophores, many properties can be inferred. For
example, Stockl ef al. studied lateral lipid segregation the influence using FLIM. They observed
that the at different lipidic environments the lifetime of C6-NBD-PC changed, showing two
lifetimes: one associated to liquid disordered phases (Ld) to be approximately 6.5 ns, and another
related to liquid ordered phases around, which was higher than the previous at 12.1 ns (Figure

1.30).'%
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Figure 1.30. Fluorescence lifetime images of GUV comprised of combinations of DOPC/SM/Chol tagged
withC6-NBD-PC. (I) pure DOPC. (II) DOPC/SM/Chol (1/1/8). (III) DOPC/SM/Chol (1/1/1). The lipid
domains are observed based on the difference of lifetime of tagged lipid with different composition. The

diagrams indicated the relative intensity of C6-NBD-PC lifetimes at each lipid concentration.’*”

1.5.3. Lipid bilayer characterisation by Fluorescence Lifetime Correlation Spectroscopy

As previously discussed in the section 1.4.1, FCS monitors the fluctuation in fluorescence signal
from fluorophores as they diffuse through a focal volume of a confocal microscope. Under
equilibrium conditions, the fluctuations are quantified by auto-correlating the intensity signal
collected after exciting fluorescent molecules. When inside the confocal volume, the fluorescence
fluctuations are described by a Poisson distribution, reflecting the probability that a given molecule
residing in the focal volume at time t is still present after a time lag t + 1. These fluctuations reflect
the translational dynamics of the molecule. FCS is usually used in Chemistry and Biology to study
the dynamic of biomolecular processes such as protein-protein interactions, surface binding and

lipid dynamics in model and cell membranes.
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The intensity fluctuations (F) of the fluorophore are generated as the molecule diffuses into and
out of the confocal volume. Once inside the confocal volume fluorophore is excited by the light
source and emitting photons. This in-and-out dynamic process is recorded over time. In order to
obtain quantitative information about the molecular dynamics, the fluorescence intensity
fluctuations are autocorrelated by comparing the intensity fluctuations at time t to the fluctuations

at time (t + 1) with the average fluctuations denoted (F), such that Equation 1.6 and 1.7:

OF(t) = (F) —F (t) (Equation 1.6)

OF(t + 1)=(F) —F(t + 1) (Equation 1.7)

The autocorrelation decay is then obtained by the Equation 1.8.

(OF (t) OF (t + 1)) (Equation 1.8)

“O= Ty

This allows to compare the signal at time t to the signal at time (t + 1), averaging the similarity of
the signal throughout the time. This can be observed as for over shorter time intervals, fluorophores
in the detection volume will travel short distances, not changing the intensity of the fluorescence
signal. The signal shows a high degree of self-similarity, which is reflected as a high
autocorrelation for small lag times. By increasing the time intervals, fluorescent molecules travel
further distances, exiting and entering the confocal volume several times, leading to large changes
in the fluorescence signal. Therefore, the degree of self-similarity of the signal is now low and the
auto-correlation curve decays to zero at large lag times. The shape of the curve provides
information on the time-scale diffusion processes by fitting to an adequate model. Faster moving
molecules spend less time within the confocal volume so the autocorrelated curve decays to zero

quicker than for slow diffusing molecules (Figure 1.31).
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Figure 1.31. Schematic representation of a confocal apparatus adapted for FCS measurements. Detection

of fluorescence fluctuations recorded over time and the autocorrelated function indicates the transit time tp
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and number of molecules (N) in the confocal volume. Figure adapted from reference. ’

The two principal parameters that can be extracted from the autocorrelation curves are the
concentration and the transit time of the fluorophores. The first is indicated by the amplitude of
the auto correlation curves. At low concentration, the relative fluctuations of the intensity signal
are higher, so the amplitude of the auto-correlation curve is high. At high concentration, the relative
fluctuations are lower, therefore the amplitude of auto-correlation curve is lower, indicating that
auto-correlation’s amplitude is inversely proportional to the fluorophore concentration within the

confocal volume (Figure 1.32).
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Figure 1.32. Relationship between concentration of molecules and time spent within the confocal volume.
The dash curves indicate the effect concentration of molecules in the confocal volume on the amplitude of
the autocorrelated curves. The solid curves indicate the dependence of transit time (t) to the diffusivity of

molecules.

The transit time (tp) is defined as the average time that a molecule requires to cross the confocal
volume. In a 2-dimensional system, such a lipid bilayer, tp can be obtained by fitting the curve

calculated defined by Eq. 6 to the following equation 1.9:

1 1 E ion 1.
GH)=1+—-—— (Equation 1.9)
N 14 (=)e

p

Here, N is the number of molecules in the confocal volume, and o is the anomalous parameter

related to deviation of the diffusional regime from Brownian motion, i.e., if the MSD does not
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relate linearly to time, as illustrated in section 1.4.1. The fitted autocorrelation curve in Figure 1.32
illustrates the amplitude of the autocorrelation curve (1/N) and the half-decay (tp). The diffusion
time is calculated once the radius of the observation volume (w) is known using the following

Equation 1.10.

D= — (Equation 1.10)

e Fluorescence Lifetime Correlation Spectroscopy

Since its introduction, FCS has been widely used to determine the diffusion co-efficient of
molecules in 3D and 2D systems. However, conventional might FCS suffer from numerous issues.
For instance, unwanted signal components, such distortions caused by scattered excitation light,
detector thermal noise and afterpulsing may be incurred in the auto-correlation curves.!'®¢ To
overcome these issues, a variant of conventional FCS was proposed by Jorg Enderlein which is a
fusion of FCS with Time-Correlated Single Photon Counting (TCSPC), called Fluorescence
Lifetime Correlation Spectroscopy (FLCS), a modified method that uses picosecond time-resolved
fluorescence detection to separate the different FCS contributions.'®” With this systems, a specimen
is excited with a short laser pulse and the difference between the excitation pulse to the arrival of
a emitted photon is synchronized and recorded by the TCSPC. By repeating this process several
times, a statistically significant distribution of time differences is obtained and the lifetime of the
contribution species can be determined.!®® In FLCS the TCSPC histogram is used to assign the
luminescent lifetime of the probe, which occurs in a different timescale than the lifetime of
unwanted components, the noise can be removed from the auto-correlation curve, therefore
improving the accuracy of the diffusional data. For instance, FLCS can be used to avoid detector

afterpulsing, providing a better data fitting (Figure 1.33).
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Figure 1.33. Comparison between classical FCS and FLCS auto-correlation curves after removing
afterpulsing from detectors. a) TCSPC histogram of photon detection times. b) FLCS filters calculated for

fluorescence signal (grey) and for uniform background (black). c) Autocorrelation function calculated
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without (black) and with FLCS filtering (gray). Figure reproduced from reference.

In summary, FCS and FLCS are powerful single molecule methods that can be applied to study
the properties of lipid bilayers, such the lateral mobility of lipids and to evaluate the binding and
aggregation of proteins at the membrane surface. In this thesis FLCS technique was applied to
determine the diffusion coefficient of fluorescently tagged lipids, peripheral proteins, membrane

proteins and DNA within a variety of lipid bilayer compositions in MSLBs.
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1.5.4. Electrochemical Impedance Spectroscopy

Electronic properties of biological membranes can be investigated by Electrochemical Impedance
Spectroscopy (EIS). Those properties, such diffusion coefficients, adsorption mechanism, charge
transfer resistances and capacitances, are relevant to the understanding of several phenomena in
artificial models. The investigation of electrochemical impedance of lipid bilayers can reveal
important information about reactions at the membrane level such diffusion reactions, e.g.,

126

passive/active permeation of the membrane, ©° capacitive-resistive behaviour to drugs or

proteins,'3* and stability of the lipid film.

As an electrochemical technique, EIS relies on the fluctuations of the potential applied to a circuit
(E) and electrical current (i). The relation between 1, E and the natural resistance (R) against the
electron flow of an electrical component is described by Ohm’s Law, which defines the linear
dependence to the voltage, current and the resistance and current across two points of a circuit

(Equation 1.11).'%°

E=iR (Equation 1.11)

Even though, Ohm’s law has been very important for the understanding of electrical properties of
circuits and components, it is applied only when the current flows in one direction or Direct
Current (DC) or to ideal resistors. When the electric charge changes the direction periodically in
Alternated Current (AC) (Figure 1.34), Ohm’s law has to be adapted to the oscillating current and
voltage. Ideally an ideal resistor exhibits a resistance that is independent of applied AC. However,
in most of the cases the resistance is dependent on the current flow frequency. Complex systems
such supported lipid bilayers induce a phase separation to the applied AC. The phase shift (0)

between I and E reflects the impedance of the system.
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Figure 1.34. Phase separation (0) between I and E to applied AC current voltage.
The phase shift of E and I is related to the impedance of the electrical components by the oscillating
character of the applied E (Equation 1.12).

E; = E, sin (wt) (Equation 1.12)

Where E;is the potential applied at time t, E¢ is the amplitude of the signal and o is the radial
frequency. The response signal (Equation 1.13) is shifted by 6 and has amplitude Io.

I; = Iy sin (wt + 0) (Equation 1.13)

Similar to Ohm’s Law, the relation between E and I allow to calculate the impedance of the system

(Equation 1.14).

_E, E =Eysin(wt) sin(wt) (Equation 1.14)
L I =Iysin(wt + 8) 7° sin(wt + 6)

Z

With the Euler’s relationship, the impedance can be expressed as a complex function depending

exclusively on the phase shift (@) (Equation 1.15 and 1.16).

74



E, = EyeU®d (Equation 1.15)
I, = I, e0t=8 (Equation 1.16)

If we then apply an AC potential, a relationship for the circuit impedance can be obtained as

equation 1.17.
E (j6) . . .
Z(w) = 1~ Zy eY® = Zy(cosO + jsinB) (Equation 1.17)

The impedance data obtained from EIS can be represented in two different formats, a complex
plane plot, or Nyquist plot, and phase/ frequency regime, or Bode plot. The Nyquist representation
(Figure 1.35a) shows the real and imaginary components of the impedance (Z) at given frequency.
The length of the vector |Z| gives the total impedance and the phase shit is represented by the angle
between the vector |Z| and the real component axis. The Nyquist plot can be useful tool to
interrogate immediate changes on the relative resistivity, induced for example by protein binding
or molecular membrane permeation. The Bode plot (Figure 1.35b), however, plots the frequency in

relation to the phase shift (6) response.
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Figure 1.35. Schematic representation of a) Nyquist plot with — ImZ vs. ReZ, whereby frequencies range

from o = -0 to @ = 0. b) Bode plot representing the phase shift 0 versus the frequency w applied.

In order to obtain quantitative information about the lipid bilayer resistivity and capacitance, the
Nyquist and Bode plots have to be fitted to an equivalent circuit model (ECM). This is obtained
by combining a series of electrical components, such resistances and capacitors. Lipid bilayers can
be approximated as series of electrical components, such parallel plate capacitors and resistors,
embedded in aqueous environment. The simplest model applied to supported lipid bilayers on
planar electrodes in shown in Figure 1.36. Basically, the electrochemical properties of the bilayer

are obtained by using a resistor in parallel to a capacitor.
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Figure 1.36. A typical equivalent circuit model (ECM) used for fitting EIS of SLBs.

An example of an ECM used for fitting the impedance data of a lipid bilayers spanned micro-
cavity array if shown in Figure 1.37. It contains the solution resistance (Rso1) connected to complex
circuit containing the resistor (Ryi) and a capacitor (CPEyp) that corresponds to the electric and
dielectric properties of the membrane spanned across the gold surface. There is an additional
component for the microcavities array which contain the cavities resistance (Rcav) and also has a
capacitor for the electronic double layer (CPEq) that is formed between the electrode and the
surrounding electrolyte. The impedance spectra were fit to an equivalent circuit as described earlier

previously, !26:134

Rsol Rcav CPEDI
% T
Rbl
CPEdI
\

4

Figure 1.37. Equivalent circuit model (ECM) used to fit EIS data obtained for microcavity supported lipid

126,134

bilayer.
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The constant phase elements (CPE) were used in the equivalent circuit to provide to account for
the heterogeneity of the SLBs in microcavity array. The impedance of the CPE can be calculated

using Equation 1.18:

7 1 (Equation 1.18)
T QGw)P

Where Q is the magnitude of the capacitance of the CPE, the exponent 8 varies from 0 to 1 and
represents the CPE capacitive behaviour of the CPE, e.g., CPE may behave as ideal capacitor as
closer to unit and w is the angular frequency. An illustration of the electrochemical cell used in

this work is displayed in Figure 1.38.
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Figure 1.38. Schematic of the three-electrode cell used for EIS measurement of gold-MSLBs. The lipid

bilayers were spanned following the protocol as previously described in chapter 2.

In summary, EIS is a very useful technique that can provide quantitative information about the
electrochemical properties of a interfacial. For this reason, EIS is employed in this project for
characterising the protein binding to lipid bilayers. This is discussed in more detail in the chapters

3 and 4. When prepared in gold, the arrays can work as an electrode permitting electrochemical
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interrogation of membrane behavior.!?® Such stable microarray supported bilayers hold great

potential as analytical devices for protein binding and detection.

1.6.Conclusion and scope of this thesis.

Cell membranes are complex and dynamic systems in which the development of model lipid
membranes have a key role in elucidating the fundamental interactions between the cell membrane
components including the distribution and behaviour of lipids and sterols themselves and As many
proteins have specific receptors at cell membrane level, exploring their properties using more
realistic in vitro models, that resolve the key components of the membrane from the complex cell
environment can provide useful insights. into the role of the phospholipid membrane and its

components as well as the receptor in protein association and binding.

In this thesis a versatile microcavity supported lipid bilayer to investigate the lipid dynamics,
protein diffusion, interactions and aggregation, and DNA delivery. By using a microcavity array,
we aimed to create supported lipid bilayers that mimic the lipid fluidity observed in free liposomes
in a substrate like manner spanned over microcavity arrays. These Microcavity Supported Lipid
Bilayers, or MSLBs, were prepared by a hybrid of Langmuir-Blodgett lipid transfer with liposomes
fusion in a sealed microfluidic environment. The diffusivity of lipid membranes was investigated
by FLCS and the impact of membrane asymmetry on lipid diffusivity was evaluated. Within this
project, glycolipids were incorporated to MSBLs and its interaction to peripheral proteins, such
Cholera Toxin and Hemagglutinin were investigated by FLCS and EIS. The binding of galectin-3
to integrin was evaluated in presence of glycolipids. The incorporation of an ion channel
membrane protein was investigated using bacteriorhodopsin. A light activated proton gate was
build and the impact of bR concentration, pH and frequency of activation were evaluated. Finally,

MSLBs were tested as a novel oligonucleotide-bed to study gene delivery.
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2.1. Abstract

Microcavity supported lipid bilayers (MSLB) are contact-free membranes suspended across
aqueous-filled pores that maintain the lipid bilayer in a highly fluidic state, free from frictional
interactions with substrate. Such platforms offer the prospect of liposome-like fluidity with the
compositional versatility and addressability of supported lipid bilayers and thus offer significant
opportunity for modelling membrane asymmetry, protein-membrane and aggregation interactions
at the membrane interface. Herein, we evaluate their performance in this regard, by studying the
effect of transmembrane lipid asymmetry on lipid diffusivity, membrane viscosity and cholera
toxin- ganglioside recognition across 6 symmetric and asymmetric membranes including binary
compositions containing both fluid and gel phase, and ternary phase liquid ordered and disordered
separated membrane compositions. Fluorescence lifetime correlation spectroscopy (FLCS) was
used to determine the lateral mobility of lipid and protein, and electrochemical impedance
spectroscopy (EIS) enabled detection of protein-membrane assembly over the nanomolar range.
Transmembrane leaflet asymmetry was observed to have profound impact on membrane
electrochemical resistance where the resistance of a ternary symmetric phase separated bilayer was
found to be at least 2.6 times higher than the asymmetric bilayer with analogous composition at
the distal leaflet but where the lower leaflet comprised only DOPC. Similarly, the diffusion
coefficient for MSLBs was observed to be 2.5 fold faster for asymmetric MSLBs where the lower
leaflet is DOPC alone. Our results demonstrate that interplay of lipid packing across both
membrane leaflets and concentration of GM1 both affect the extent of cholera toxin aggregation
and consequent diffusion of the cholera-GM1 aggregates. Given that true biomembranes are both
fluidic and asymmetric MSLBs offer the opportunity for building greater biomimecry into
biophysical models and the approach described demonstrates the value of MSLBs in studying
aggregation and membrane associated multivalent interactions prevalent in many carbohydrates

mediated processes.

2.2. Introduction

Artificial lipid membranes are indispensable tools for evaluating biophysical processes, such as
membrane permeation, protein recognition and aggregation, under conditions of controlled lipid

composition.! They can provide a means to disentangle insights into unit membrane processes
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from the confounding complexity of the cell.> A good artificial model will have controllable lipid
composition, good stability and critically, will maintain high membrane lateral fluidity.> Also,
ideally, in the interests of biomimicry, the membrane should be asymmetric. The plasma
membrane is naturally asymmetric, the lipid composition of the mammalian membrane for
instance, contains predominantly phosphatidylcholine and other choline derivatives, glycolipids
and sphingomyelin at the exterior leaflet, whereas the cytoplasmic leaflet contains DOPE,
negatively charged lipids such as phosphatidylserine (PS) and other aminolipids. Cholesterol is

contained within and is mobile across both leaflets.

The asymmetry is thought to lead to significant differences in phase behavior and diffusivity of
each leaflet of the plasma membrane. In particularly the predominance of SM at the outer leaflet
leads to coexistence of Lo and Ld and gel phases, whereas model distal leaflets have shown no
evidence of such domain formation. Thuso it is likely that there is a significant disparity in the
fluidity of each of the plasma membrane leaflets. Furthermore, transmembrane lipid asymmetry
and inter-leaflet coupling have been reported to play a crucial role in plasma membrane function
and organization, where evidence suggests that inter-leaflet coupling and domain registration lead
each leaflet to be profoundly influenced by the composition of its neighbour.®’ This effect has
been predicted widely in computational simulations, but experimental investigations into the
influence of asymmetry/symmetry of lipid membranes on lipid-leaflet coupling and mobility are
relatively uncommon.®!! Presumably, because of challenges in building model systems at which

asymmetry and lateral fluidity can be simultaneously accomplished.®!>!3

Liposomes and supported lipid bilayers (SLBs) are some of the most widely applied artificial cell
membrane models. However, they respectively preclude reliable attainment of controlled
asymmetric composition and optimal fluidity.>!'* In the latter case, asymmetric supported lipid
bilayers (aSLBs) are readily accessible using controlled lipid deposition techniques to assemble,
independently, two lipid monolayers® or by lipid translocation using chemical or mechanical lipid
redistribution after vesicle fusion to a planar substrate.!®!>!® However, frictional interactions
between the lower (proximal) leaflet and the substrate hinder lateral diffusion in these and related
tethered or cushioned, structures. Therefore, lipid and reconstituted protein mobility in

asymmetric cell membrane models have not been widely explored using such models.
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An alternative approach to emerge in recent years are porous-supported membrane structures
where the lipid membrane is supported in part over air or fluid.""!7>* In the former case, stable
bilayers typically require nano-pore dimensions but where aqueous filled supports are used, the
bilayer can be suspended over pores of multiple microns. Recently, we demonstrated that lipid
bilayers supported above aqueous filled micron-sized spherical pore arrays in gold and in
poly(dimethylsiloxane) (PDMS) are stable and produce highly fluidic bilayers simulating the
behavior of liposome. The micron dimensioned pores are attractive as they are amenable to
microscopy, enabling single pores to be individually interrogated. Across arrays, this can lead to
robust statistical reliability of results. When prepared in gold, the arrays can work as an electrode
permitting electrochemical interrogation of membrane behavior.?* Such stable microarray

supported bilayers hold great potential as analytical devices for protein binding and detection.?®

Using MSLBs, herein, we examine the impact of lipid composition and asymmetry on cholera
toxin-GM1 recognition and aggregation using Fluorescence Lifetime Correlation Spectroscopy
(FLCS) and Electrochemical Impedance Spectroscopy (EIS). Cholera Toxin recognizes,
specifically, the monosialosyl ganglioside GM1 at the plasma membrane of the gut epithelia
through its subunit b (CTb). This membrane localized recognition is the first step in a process that
permits the toxin to gain access to the endoplasmic reticulum. CTb-GMI association is a
multivalent process that has been studied at a variety of membrane models and has been applied
to evaluate new lipid-protein platform models for protein detection.”>° In complex and phase
separated lipid compositions and at the cell membrane, a number of studies have demonstrated
that CTb associates at the liquid ordered (L,) phase, and that CTb stabilizes raft domains via a
lipid-crosslinking.®'** However, to date, the impact, of lipid membrane asymmetry on CTb-GM1
association has not been considered in detail, although in true biological membranes, as described,

the bilayers would be highly asymmetric.

Using microfluidic MLSBs we demonstrated a simple method to build transversally asymmetric
lipid bilayer compositions using a hybrid Langmuir Blodgett-Vesicle Fusion (LB-VF) lipid

22,24

assembly and examined the lateral diffusion of labeled lipid marker within different

asymmetric and symmetric lipid systems evaluating the impact of lipid bilayer asymmetric
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compositions on CTb- glycosphingolipid(GSL) binding and mobility. The relatively high fluidity
of the asymmetric bilayer compositions enabled us to study diffusion of cholera toxin aggregates
at phase separated bilayers rendered impossible at symmetric compositions due to slow
diffusion/photobleaching of the labels. The observations reflect the influence of lipid complex
composition on the lateral aggregation of CTb at GM1 containing bilayers. Our results demonstrate
the utility of microfluidic cavity array supported bilayers as a versatile platform for the assembly
and study of asymmetric lipid compositions and for evaluation of biologically important

multivalent binding systems and protein aggregation at ligand containing membranes.

2.3. Experimental Section

2.3.1. Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), porcine brain N-(octadecanoyl)-sphing-4-
enine-1-phosphocholine (SM), cholesterol and ganglioside GM1 were purchased with maximum
degree of purity (> 99%) from Avanti Polar Lipids (Alabama, USA) and used without further
purification. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine labeled Atto655 (DOPE-A655) was
purchase from ATTO-TEC GmbH (Siegen, Germany). Conjugated B subunit cholera toxin labeled
Alexa 555 (CTb-AS555) was purchased from Invitrogen (Thermo Fisher). Free unlabelled B subunit
cholera toxin (CTb) and phosphate buffer saline (PBS) tablets were purchased from Sigma-Aldrich
(Wicklow, Ireland). Aqueous solutions were prepared using Milli-Q water (Millipore Corp.,
Bedford, USA). Polydimethylsiloxane silicon elastomer (PDMS) was purchased from Dow
Corning GmbH (Wiesbaden, Germany) and mixed following supplier instructions. Silicon wafers
coated with a 100 nm layer of gold on a 50 A layer of titanium were obtained from AMS
Biotechnology Inc. The monodisperse polystyrene latex sphere with a diameter of 1 um was
obtained from Bangs Laboratories Inc. The commercial cyanide free gold plating solution (TG-25
RTU) was obtained from Technic Inc. All other HPLC grade reagents were obtained from Sigma-
Aldrich and used as obtained.

2.3.2. Gold and PDMS microcavity array preparation
The lipid bilayers were suspended across buffer-filled PDMS or gold microcavity arrays prepared

according to protocols previously described by our group.?? Briefly, for FCS, the microcavity array
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was prepared by drop casting 50 pL of ethanol containing 0.1% of 4.61 um polystyrene spheres
(Bangs Laboratories) onto a 1 cm x 1 cm hand cleaved mica sheet. After ethanol evaporation,
PDMS was poured onto the PS spheres array and cured at 90 °C for 1h. The microcavities array is
then formed after removing the inserted PS spheres by sonicating the PDMS substrate in
tetrahydrofuran (THF) for 15 min. The substrates were then left to dry overnight. Prior to lipid
bilayer formation, the substrates were plasma cleaned using oxygen plasma for 5 min and
microcavities were buffer filled before to lipid monolayer deposition by sonicating PDMS
substrate in PBS buffer (pH 7.4) for 1h. As previously reported, this step is important to increase
the hydrophilicity of the substrate.??

For electrochemical studies, lipid bilayers were suspended across gold microcavity arrays prepared
by microsphere lithography and selectively modified with a self-assembled monolayer (SAM) of
1 mM 6-Mercapto-1-hexanol (MH) as described previously.?*** The detailed description for the
preparation of microcavity array and MSLBs are presented in the supplementary information (Fig.

S1 and S2).

2.3.3. Preparation of Large Unilamellar Vesicles (LUVs)
In this work, liposome fusion was used to form the distal lipid leaflet on MSLB’s. To prepare the
liposomes, stock solutions of all vesicle components such as DOPC, brain sphingomyelin (SM)
and cholesterol (Chol) 50 mg/ml each, and GM1 (1 mg/ml) were prepared in chloroform and stored
in sealed glass vials at -20°C. For fluorescence studies, unlabeled lipids and fluorescently labeled
phospholipid DOPE-A655 were mixed in a ratio of 50000:1 mol/mol. For electrochemical
measurements, as EIS is label-free, the probe was not included during the preparation of MSLBs.
Aliquots of the appropriate amounts of the stock solutions were mixed in clean amber glass vials
and the chloroform was removed under a gentle stream of nitrogen to form a thin layer lipid coating
on glass vials. To ensure complete removal of residual chloroform, the lipids thin films were placed
under vacuum for at least 3 h and then the lipids were rehydrated in 1 ml of PBS buffer and
vortexed vigorously for 60 s. A mini-extruder (Avanti Polar Lipids) was used to extrude the
multilamellar vesicles suspension through a polycarbonate membrane (0.1 pum pore size). The

resulting large unilamellar vesicles (LUV) (approximately 100 nm diameter) solution was diluted
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to 0.25 mg/ml. Liposomes composed of SM were extruded at 45°C, above the SM transition

temperature, to guarantee that vesicles are in the fluidic state.

2.3.4. Microcavity Supported Lipid Bilayers (MSLB) preparation
To assemble suspended asymmetric/symmetric lipid bilayer membranes across pre-buffer filled
microcavity arrays of both PDMS and gold substrates, a hybrid two-step method, Langmuir-
Blodgett lipid transfer followed by vesicle fusion (LB-VF) method was employed.?* Briefly, a
spanned lipid monolayer is first deposited onto the microcavity substrate by LB transfer (LB
trough; KSV Nima Model 102M) with Milli-Q water as the subphase. Lipid solution (50 pL, 1
mg/ml in chloroform) was added dropwise gently over 2-3 min on the subphase of LB trough and
allowed solvent to evaporate for 15 min. Prior to the preparation of proximal leaflet monolayer
using LB method, multiple compression-expansion cycles were followed before the collapse
surface pressure and subsequently the monolayers were transferred at a highly condensed surface
pressure of 32 mNm'! by the vertical withdrawal of submerged substrate at a speed of 15 mm/min
(Fig. S3). To form supported lipid bilayer, the monolayer-coated gold substrate was dipped in
LUV solution for 30 min for fusion and then washed with PBS buffer and stored in PBS until
further use. Prior to liposome fusion on to the monolayer coated PDMS thin chamber, the substrate
was sealed to a cover glass with rapid adhesive glue (Araldite). The microfluidic device was
formed after insertion of two silicon tubes to the sealed chamber containing the microcavity array
by punching two holes through the PDMS into cavity chamber (see SI). To remove
residual/unreacted liposomes, the microfluidic device was purged with 1 ml of PBS buffer (pH
7.4). Care was taken to ensure that at no stage during the preparation or measurements the bilayer
was exposed to air. In this work, the proximal leaflet refers to the LB deposited lipid leaflet next

to the substrate and the distal leaflet is the outer lipid layer facing toward the bulk solution.

2.3.5. Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance measurements were performed on a CHI 760B bipotentiostat (CH
Instruments Inc., Austin, TX) in a three-electrode cell consisting of a Ag/AgCl (1 M KClI) reference
electrode, platinum coiled wire as a counter electrode and the gold substrate with microcavity array

]3-/4-

served as the working electrode. 1 mM [Fe(CN)s was used as an internal redox probe in 0.1 M

KCl electrolyte solution in PBS buffer. Impedance measurements are performed in the presence
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of 1 mM Ki3[Fe(CN)s]/ K4[Fe(CN)s] (1:1 mol/mol) mixture, as a redox probe dissolved in PBS
buffer containing additional 0.1 M KCl as supporting electrolyte. EIS data were measured using a
3-electrode cell described above. The electrodes were characterized by EIS measurements with

[Fe(CN)s]>”* as internal redox probe to follow each step of the fabrication.

The EIS recording was performed in the frequency region between 10* and 0.01 Hz with a bias
potential of 0.26 V vs Ag/AgCl. The impedance spectra were fit to an equivalent circuit as
described earlier previously 2* and the same has been shown in Figure 3b. In the circuit, Ry is the
solution resistance, Ry and CPE )y, represents the resistance and constant phase element of the
membrane and R, and CPE represents the cavity resistance and constant phase element of the
gold substrate. The constant phase elements (CPE) were used in the equivalent circuit to provide
to account for the heterogeneity of the SLBs in microcavity array. The impedance of the CPE can

be calculated using Eq. (1);

o1 (1)
PE T QGw)P
where Q and the exponent f represent respectively the CPE and an empirical constant related to

the frequency dispersion. The experiments were conducted in triplicates.

2.3.6. Fluorescence Lifetime Correlation Spectroscopy (FLCS)
Single point FLCS was used to assess both the lipid membrane fluidity as well as the change in
CTb binding to GM1. FLCS measurements were performed on a MicroTime 200 lifetime
(PicoQuant GmbH, Berlin, Germany) using a water immersion objective (NA 1.2 UPlanSApo 60
x 1.2 CC1.48, Olympus). The detection unit comprises of two single photon avalanche diode
(SPAD) from PicoQuant. Labeled lipid membrane marker DOPE-A655 was excited with 640 nm
LDH-P-C-640B (PicoQuant) and CTb-A555 was excited with 532 nm PicoTA laser from Toptica
(PicoQuant). To exclude scattered or reflected laser light emitted fluorescence was collected
through a HG670lp AHF/Chroma or HQ550lp AHF/Chroma band pass filter for 640 or 532 nm
laser respectively. A 50 um pinhole was used to eliminate photons from outside the confocal

volume. Before FCLS measurement, backscattered images of the substrate were taken using an
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OD3 density filter to ensure the optimal positioning of the focus to the centre of the microcavity.
Then, the bilayer position was determined by z-scanning until the point of maximal fluorescence
intensity of DOPE-A655 was found. At this point, the fluctuating fluorescence intensity of labeled
lipid marker or CTb-A555 were measured for 30 to 60 seconds per cavity, and replicate data from
20 to 30 cavities were measured per sample. To assess simultaneously the diffusion time (ms) and
the fluorescence lifetime (ns) the emitted photons were analyzed by a time-correlated single photon
counting system (TCSPC) (PicoHarp 300 from Picoquant).> The fluorescence fluctuations

obtained are then correlated with a normalized autocorrelation function (Equation 2):

_ (OF(t).6F (t + 1)) 2)

¢ (FO)?

The auto-correlation curves obtained from the fluorescence fluctuations were fitted to a 2-D model

(Equation 3) using the software SymphoTime (SPT64) version 2.2 (PicoQuant).

G(t) =

[1-7+ Te(-%>] 14 (L)“]‘l 3)

1
N1-T) 7

Some of the autocorrelation data were fitted using 2D diffusion model for two diffusing moieties

by adding a second component to equation 3, (equation 4).
1 (-3) T \a1]! T\t 4)
G‘L’=—[1—T+Te TT”1+(—) ] [1+(—) ]
2 N(1-T) Tp1 Tp2

Here, p represents the amplitude at G(t) and is defined as the inverse of number of molecules
(1/N), T corresponds to the fraction of molecules at triplet “dark™ state, tuip is the triple state time
and a is the anomalous parameter; tp is the diffusion time of the molecules and tr is the decay
time for the triplet state. The diffusion coefficient is related to the correlation time tp by the relation
D = w?/41p, where o is the 1/e? radius of the confocal volume i.e. the waist of the exciting laser

beam. ® was measured for each excitation using a reference solution of free dye for which the
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diffusion coefficient is known. The ® was determined by calibration using reference dyes; Atto
655 (Atto TEC, GmbH) for 640nm laser and Rhodamine 6G for 532 nm laser at 20°C in water.
Detailed description of the experimental set up can be found in figure S4. The experiments were

conducted in triplicates.

(ms)

Figure 1. a) Schematic of the microfluidic platform made of PDMS. b) SEM image of cured PDMS
microcavity array before buffer spanning a lipid bilayer made by pouring the polymer to 4.6 um diameter
polystyrene spheres before assembling the microfluidic device. c) reflectance image obtained using a OD3
density filter after lipid bilayer deposition. d) Fluorescence lifetime image of labeled DOPE-A655 of an
asymmetric DOPC (proximal leaflet) // DOPC/GM1 (1 mol%) (distal leaflet) lipid bilayer. The scale bar is
10um. e) Typical FLCS autocorrelation data of labeled DOPE (red) and CTb (green) over a microcavity.
Solid lines represent the 2D fitting to equation (3).

Due to the suspended character of planar MSLBs, where both leaflets are in contact with bulk
aqueous phase, we can assume the Saffman-Delbruck model (Equation 5) applies and thus use it

to estimate the membrane viscosity from lateral diffusion values obtained for labeled DOPE-A655:

D=—" (n(£)-y) (5)

4muh urr

Where D is the lateral diffusion obtained from FLCS, K is Boltzmann constant, T is the absolute
temperature, 7 is the radius of the cylindrical membrane inclusion, h is the membrane thickness,

Y is Euler-Mascheroni constant (approx. 0.577), u and g’ are the membrane viscosity and the bulk
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solution viscosity, respectively. The parameters used to estimate the membrane u were: radius of
the inclusion = 0.1 nm, membrane height h = 3.8 nm and the viscosity of the surrounding media

i’ =0.001 Pas.

2.4. Results and Discussion

2.4.1. Preparation of transversally asymmetric microcavity supported lipid bilayers
The eukaryotic cell membrane has a transversally asymmetric lipid distribution and this
characteristic has important biophysical consequences in natural systems.®> A key advantage of the
microcavity supported lipid membrane is that it is readily amenable to the preparation of
asymmetric lipid bilayer compositions in a manner similar to supported lipid membranes but with
the key difference that the MSLBs retains the fluidity of a liposome membrane. To investigate the
influence of transmembrane asymmetry on lipid diffusivity, the MSLBs were prepared using a
hybrid Langmuir Blodgett-vesicle fusion method, so that the proximal leaflet (array substrate side)
comprised of DOPC while the distal leaflet comprised of either DOPC, DOPC:SM (1:1) or
DOPC:SM:Chol (2:2:1). Note that 1% (mol:mol) GM1 was added in each case only to the distal
leaflet as a receptor to CTb. The labeled lipid DOPE-A655 used as a fluorescent marker at 0.01
mol% was inserted only into the distal leaflet. A schematic representation of the MSLB’s on buffer

filled microcavities and the microcavity array are shown in Figure la and 1b, respectively.

A number of studies at SLBs indicate that lipid asymmetry is maintained for many hours.” ' As
the asymmetric bilayers are not at equilibrium, to confirm that asymmetry was maintained during
our experimental windows we evaluated the diffusion coefficient of the outer leaflet over 48 hours
following assembly and found that negligible change had occurred. Because of the large difference
between diffusivity of the DOPC and mixed composition monolayers if significant mixing/flip-
flop were occurring over this time-scale we would expect to see increasing diffusion coefficient or
biphasic behavior if the probe were flip-flopping. Nonetheless, to mitigate against any loss of
asymmetry, measurements were completed in the present studies immediately following bilayer
preparation and were completed within 3 to 4 hours). It is expected, however, that in cholesterol-

containing asymmetric compositions, cholesterol can flip-flop to the proximal leaflet rapidly.*®
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We note that we do not observe, over the experimental time scale used herein (2 to 3 hours),

changes to bilayer fluidity.

Confocal imaging of DOPE-A655 labeled MSLB’s confirm continuous lipid bilayer spanning the
PDMS microcavities are formed for all lipid compositions (Figure 1c and 1d). Occasionally
unfilled cavities occur but these are easily distinguished as “dark spots” caused by the absence of
lipid membrane at pores that have failed to fill with water and where consequently bilayers tend
to be unstable at the air interface across such large pores. Without the lipid marker DOPE-A655
present in the bilayers, no background fluorescence was observed from the PDMS platform or
bilayers (see SI). To avoid contributions from diffusion of lipid bilayer over the flat regions of
array, all measurements are performed at a buffer encapsulated cavity by focusing first with the
reflectance image on a single aqueous filled pore before Z-scanning to focus on the bilayer and
acquiring the FLCS autocorrelation function (ACF). Representative FLCS data from a cavity
spanned DOPC membrane labeled with DOPE-A655 is shown in Figure 1e (open symbol). The
lateral diffusion is calculated after fitting the obtained ACF with equation 3 (solid line, Figure 1e).

2.4.2. Transmembrane lipid symmetry affects the lipid membrane fluidity and viscosity
The diffusivity of DOPE-A655 at MSLBs with different asymmetric and symmetric MSLBs were
extracted (Table 1) and plotted against lipid composition (Figure 2). The lateral diffusion
coefficient obtained for a DOPC lipid bilayer was approximately 10 um?s™!, which is consistent
with previously reported values for DOPC MSLBs as well as for reported free-standing DOPC

bilayers.?>%’

As expected, the composition of the bilayer, has a profound effect on diffusivity. For instance,
upon addition of SM to the distal layer of the MSLBs so that it comprises 1:1 mol/mol DOPC:SM,
where the proximal leaflet is DOPC alone, DOPE-A655 lateral diffusion in the distal leaflet
reduces to 5.37 + 0.75 um?s™!. The reduced fluidity of the bilayer is attributed to the presence of
enriched SM gel-phases that increase the distal layer viscosity. Indeed, reports of diffusion of

analogous compositions in symmetric silicate-supported SLBs show that diffusion is suppressed.*®
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The inclusion of cholesterol (Chol) in the asymmetric MSLBs so that the distal leaflet comprises
DOPC/SM/Chol (2:2:1) mol/mol/mol) increases DOPE-A655 diffusion to 8.66 + 2.53 um?s™! as
compared to the diffusivity values of DOPC:SM(1:1)/DOPC bilayer. This is consistent with
numerous previous reports®’, including that of Yokota and Ogino who demonstrated that
introduction of Chol into DOPC/SM (1:1) transitions the membrane from co-existing gel and fluid
phases in SLBs to mixed phases of liquid disordered (L4) domains rich in DOPC and micron-sized

liquid ordered (Lo) domains rich in SM and cholesterol.*®

The formation of L, domains are thought
to be promoted by hydrogen bonding interactions between SM tails and cholesterol**“#? and the
increase in fluidity reported is attributed to the preferential partitioning of labeled DOPE to Lg

phase.*

Table 2. Diffusion coefficient of labeled DOPE at the distal layer of MSLBs and calculated membrane
viscosity for different lipid compositions using Saffman-Delbruck model. The viscosity values obtained

from DOPE diffusion lie within ranges previously reported for lipid bilayers at 20 °C.

Lipid composition DOPE diffusion (um?s™) calculated p (Pa.s)
Sym DOPC + GM1 (1 mol%) 10.0 £0.84 0.05 £ 0.006
Asym DOPC/SM/Chol (2:2:1) + GM1 (1 mol%) 8.66 +2.53 0.06 £ 0.01

Asym DOPC/SM (1:1) + GM1 (1 mol%) 5374075 0.10 + 0.005
Sym DOPC/SM/Chol (2:2:1) + GM1 (1 mol%) 3.34+£0.67 0.15+0.003
Sym DOPC/SM (1:1) + GM1 (1 mol%) 1.52 £0.69 0.40 £ 0.003

To compare the fluidity of asymmetric and symmetric bilayers, we prepared symmetric MSLBs
using the LB-VF method but where both LB and LUVs had the same composition, but for 1%
mol/mol GM1 in the LUV. Lateral mobility of labeled DOPE obtained at the symmetric lipid

bilayers are presented in Figure 2 (open spheres).
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Figure 2. Lateral diffusion of labeled DOPE at asymmetric (closed spheres) and symmetric (open spheres)
lipid bilayers. For the asymmetric bilayers, the proximal leaflet is comprised of DOPC. The GSL GM1 was
introduced only in the distal leaflet during LUV preparation across all compositions. In each case, the mean
diffusivity values presented herein are averages from 40 to 50 points (cavities) obtained across three

independent bilayers. The experiments were performed at 20 + 0.5 °C.

In all cases, it is the distal leaflet that is fluorescently labeled. The composition of the lower leaflet
dramatically impacts diffusion of the upper leaflet. In symmetric lipid bilayers composed of
DOPC/SM (1:1 mol/mol) the lateral diffusion coefficient of DOPE-A655 labeled at the distal
leaflet is 1.52+ 0.69 pm?s’!, showing diffusion is significantly slowed compared with its
asymmetric analogue (5.37 = 0.75 um?s'). This distinction indicates the integrity of the lipid
distribution in the asymmetric bilayers and reflects the impact of inter-leaflet coupling in dictating

membrane diffusion.

In the presence of cholesterol, i.e., in MSLBs with symmetric composition of DOPC/SM/Chol
(2:2:1) in each leaflet, the lateral mobility of DOPE-A655 was measured as 3.34 + 0.67 um?s’!
which is approximately 2.5 times slower than the asymmetric analogue (8.66 = 2.53 um?’s™).
Notably, inclusion of 1 mol% GMI1 at the distal leaflet does not measurably alter DOPE-A655
diffusion coefficient irrespective of the membrane composition or symmetry. Overall, our data
indicate that it is possible to build stable asymmetric microcavity supported lipid bilayers and that
the implicit fluidity of the MSLBs enables the facile study of diffusion as a function of different

lipid composition. The data reflect the profound impact of leaflet asymmetry on membrane fluidity
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at both gel phase containing and in phase-separated lipid compositions. The magnitude of the
change in fluidity between asymmetric and symmetric bilayers (AD = Dasym-Dsym) 1s greater for
binary fluid-gel phase membrane AD=3.6 um?s' than for fluid-fluid phase separated ternary
membrane (AD = 2.6 um?s™).

The decreased fluidity observed in symmetric bilayers is in agreement with computational
predictions and with previous observations on liposomes where comparable differences in lipid
lateral diffusion at symmetric and asymmetric were observed at similar temperatures.*>® For
supported lipid bilayer systems based on solid substrate-supports, confounding surface-membrane
frictional interactions complicate the interpretation of membrane viscosity as both inter-leaflet and

substrate friction contribute to the measured viscosity.*

The obtained viscosity values for the asymmetric and symmetric lipid bilayers are displayed in
Table 1. We assume that the lipid bilayers spanned across the microcavity are planar. Although
reported membrane viscosity values vary due to varying experimental conditions, such as lipid
composition, temperature and bilayer model,* the viscosity values obtained herein lie within the
range of previously literature reports, between 0.02 and 0.5 Pa.s.*® The membrane viscosity
calculated for DOPC with GM1 (1 mol%) present in the distal leaflet is comparable to previous
data reported for DOPC lipid membranes.*” The viscosity calculated for the asymmetric lipid
bilayers comprised of DOPC//DOPC/SM (1:1) 0.1 Pa.s are decreased as expected but also lie
within membrane viscosity ranges reported previously.*® On the addition of cholesterol, the
membrane viscosity decreases to 0.06 Pa.s which is anticipated since cholesterol increases
membrane fluidity in lipid bilayers containing sphingomyelin. As expected from the FLCS data,
lipid leaflet asymmetry exerts a profound influence on the membrane viscosity where the viscosity
of the DOPC/SM(1:1) with 1% GM1 at 0.4 Pa.s is 4 times more viscous when the lower leaflet is
of the same composition, compared with a DOPC only lower leaflet. The effect is less pronounced
in the cholesterol-containing bilayer where the viscosity in the symmetric composition is 2.5
greater than the asymmetric layer. This indicates, again that there is significant frictional or inter-

leaflet coupling transmitted through the membrane.

2.4.3. Protein assembly, detection and dynamics using highly versatile MSLBs
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Next, we assessed the suitability of MSLBs as a platform to study GSL-protein interactions, by
modeling the GM1-cholera toxin interaction. GSLs are important receptors for lectin-binding that
reside in cells exclusively at exofacial leaflet of mammalian membranes where they can participate
in remodeling and crosslinking of domains on receptor binding.?® Fluidity is important in artificial
platforms that model such behaviors as lateral diffusion of the participating players are required
for remodeling. We examined here, the impact of GSL-toxin recognition on lipid membrane

impedance and fluidity as a function of membrane trans-leaflet composition.

2.4.4. The impact of GSL-protein recognition on electrochemical properties of the MSLB
The gold MSLBs were prepared from gold arrays (Figure 3a) that were selectively modified at the
top surface with a 6-Mercapto-1-hexanol (MH) self-assembled monolayers using the PS sphere
templates as a mask as described previously.*’ A schematic representation of the MSLBs on gold
substrate is shown in Figure 3b. The EIS data was fitted to a heuristic model circuit (Figure 3c) of
the MSLB described previously®*, where solution resistance is R, the membrane charge transfer
resistance and double capacitance are represented by Ry, and CPEy; and the cavity resistance and
capacitance by R¢ and CPE . As shown in Figure 3d, before PS templating sphere removal, there
is a finite resistance (Rsam-+ps=1317€), data not shown) which decreases to 440Q2 (Rsam) upon PS
removal (grey symbol) indicating increased access of redox probe to the cavity, but the resistance
is considerably greater than the unmodified electrodes, confirming, consistent with previous
measurements, that the gold of the cavities are exposed whilst the SAM remains intact at the top
interface. The cavities are filled with PBS buffer and the substrate was always kept in contact with

PBS buffer for further use in bilayer fabrication.

EIS provides complementary insights to the FLCS studies, by interrogating the electrical properties
of the bilayer membranes in terms of capacitive and resistive changes. These parameters, in turn,
reflect changes to aqueous/ionic permeability in response to CTb surface binding and aggregation
to GM1. Figure 3c shows representative EIS plots before and after CTb exposure to the asymmetric
SLBs comprised of DOPC in the proximal and DOPC/SM/Chol (2:2:1) with additional 1 mol%
GMI1 in the distal leaflet of the bilayer. The complex impedance (Nyquist plot) is presented as the
sum of the real, Z', and the imaginary, -Z'" components that originate mainly from the resistance

and capacitance respectively of the measured electrochemical system.
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Figure 3. (a) SEM image of hemisphere micro cavity array made from electrochemical deposition through
templates assembled from ~ 1um diameter polystyrene spheres on gold substrates. The electrodeposition
potential was -0.60 V vs Ag/AgCl. (b) Schematic representation of microcavity array based SLBs with CTb
binding. (c) Represents the equivalent circuit model used to fit EIS data; where Rs: electrolyte solution
resistane, Ry and CPEwm represent the membrane resistance and constant phase element, and Rc and CPEc
represent the resistance and constant phase element of cavity array. (d) Nyquist plot of electrodeposited
gold electrode modified with 6-Mercapto-1-hexanol with (open gray: SAM of 6-Mercapto-1-hexanol).
Open black symbols show the EIS data of the cavity modified with asymmetric bilayers composed of
proximal leaflet, DOPC and distal leaflet, DOPC/SM/Chol (2:2:1) with GM1 (1 mol%) and EIS spectra
with different CTb concentration (blue: 20 nM, red: 40 nM, green, 60 nM, orange, 80 nM). (¢) Magnitude
of total impedance before and after CTb reconstitution. Inset shows total impedance at a fixed frequency (4
Hz) as a function of the CTb concentration. All the EIS spectra recorded in the presence of 1 mM Fe(CN)g
3/4-and 0.1 M KCl at the potential of +0.26 V vs. Ag/AgCl/sat.KCI and frequency range of 10* to 0.01 Hz
using a three-electrode setup consisting of a platinum counter, Ag/AgCl reference, and the microcavity

array as working electrode.
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The Nyquist plot for the gold microcavity electrode selectively modified with 6-Mercapto-1-
hexanol monolayer appears as a semicircle near the origin, at high frequencies, corresponding to
heterogeneous electron transfer limited process, whereas the linear portion of the plot, at lower
frequencies, represents the diffusion-controlled electron transfer process (Figure 3d, light grey).
The assembly of the bilayer yields similar impedance curves but decreasing double layer
capacitance due to retardation of the interfacial electron transfer rates compared to a bare or
selectively modified metal electrode. This is reflected in the increase in semicircle diameter (black
open symbol) in Figure 3d. Exposing the GM1 containing bilayer to increasing concentrations of
CTb increases the semicircle diameter systematically and the data can be fit adequately by the
Randles circuit as shown in Figure 3c. Since the membrane is a perfect resistance-capacitance
element, the resistance is directly, and the capacitance inversely, proportional to the thickness of
the dielectric layer. The parameter B of CPEwm in Eq.(1) is close to unity and hence a constant phase
element, CPE,; could be used as a good representation of the electrode capacitance. From the
fitting, the absolute resistance and capacitance of the asymmetric DOPC//DOPC/SM/Chol (2:2:1
) with GM1 (1 mol%) at the outer leaflet, was found to be ~1.5 £ 0.06 kQ.cm? and 1.4 + 0.01
uF/cm? respectively which is in line with previous reports.”®! The relative change in resistance
and capacitance values before and after toxin addition extracted from the fit are summarized in
Table 2. We compare relative change rather than absolute C and R values as initial resistance
values vary modestly from substrate to substrate for identical bilayer compositions due to small
variations in the uniformity of cavity packing and electrode dimensions. We compared data across
several replicate substrates and report the average relative changes in bilayer resistance and

capacitance.
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Table 2. Resistance and capacitance data for MSLBs at a fixed concentration (40 nM) of CTb. Results
presented reflect the change (A) recorded following CTb addition, relative to bilayer prior to CTb addition.
Asym indicates a bilayer that has a DOPC-only proximal leaflet, Sym indicates the bilayer is symmetric

composition but for GM1 which in all compositions is only present at the outer leaflet.

Lipid composition AR (kQ.cm?)  AC (uF/cm?)

Sym DOPC + GM1 (1 mol%) 0.22 +£0.01 -0.90 £ 0.15

Asym DOPC/SM/Chol (2:2:1) +
0.87 £ 0.02 -0.80 £ 0.23
GM1 (1 mol%)

Sym DOPC/SM/Chol (2:2:1) +
2.68£0.13 -0.82 £ 0.24
GM1 (1 mol%)

As shown in Table 3, increasing CTb concentration in the solution in contact with the bilayer leads
to a systematic increase in membrane resistance. The change in resistance is defined as AR =
ARcT1b-ARo, where ARctp and ARy is the membrane resistance in the presence and in the absence
of toxin respectively. Conversely, the capacitance (AC = ACctp-ACo) decreases systemically with
increasing CTb concentration. Figure 3e represents the total impedance of the MSLBs as a function
of increased concentration of CTb. At a fixed frequency of 4 Hz, the impedance rises with

increasing CTb concentration (inset Figure 3e).
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Table 3. Effect of CTb on the resistance and capacitance of asymmetric DOPC/SM/Chol (2:2:1) + GM1 (1
mol%) bilayer at increasing concentration. Results indicate change (A) recorded following CTb addition,

relative to bilayer prior to CTb interaction.

Asym DOPC/SM/Chol (2:2:1) + GM1 (1 mol%)

[CTb]/nM

AR (kQcm?) AC (uF/cm?)
0 0 0
20 0.42+0.01 -04+0.11
40 0.87 +0.02 -0.8+0.23
60 0.96 + 0.02 -1.7+0.34
80 1.31+0.015 344042

In order to confirm CTb recognition by GM1 is specific, we carried out control experiments to
evaluate impedance changes on exposure of CTb to DOPC and ternary DOPC/SM/Chol bilayer
membranes in the absence of GMI. In contrast to the DOPC containing GM1 bilayers, no
significant changes to film resistance or capacitance was observed on exposure to CTb across any
of the toxin concentrations explored in the absence of GMI in the distal leaflet (Table S1 and
Figures S5a). These results confirm that the presence of GM1 in the distal leaflet is necessary for

CTb binding.

Conversely, for the symmetric ternary bilayer composed of DOPC/SM/Chol (2:2:1) with GM1 (1
mol%) at the distal leaflet, upon addition of 40 nM CTb, the relative change in resistance and
capacitance was found to be 2.68+0.13 kQcm? and -0.6+0.24 pFem™ respectively (Table 2). Note
that, the magnitude of change in absolute resistance for symmetric DOPC/SM/Chol (2:2:1) with
GM1 (1 mol%) composition (~4.01 kQcm?) 1is higher than the asymmetric
DOPC//DOPC/SM/Chol (2:2:1) with GM1 (1 mol%) composition (1.5 kQcm?). Interestingly,
when there is no GM1 present for symmetric ternary bilayer (DOPC/SM/Chol), the resistance of
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the membrane was found to be 3.16+0.05 kQcm? in the absence of toxin, increasing in the presence
of CTb to 3.82 £0.05 kQcm? (Figure S5b). This contrasted with the DOPC-only bilayer where in
the absence of GM1, CTb elicited no change to membrane impedance (Figure S5a). The change
suggests that CTb is associating with the membrane when SM is present but GM1 is not. These
results are further supported by FLCS studies, below, that show retardation of toxin diffusivity
when exposed to SM containing bilayers in the absence of GM1 (Figure S5c¢, Table S1).

As Tables 2 and 3 show, reflect the large increases in bilayer resistance and decreases to
capacitance that accompany exposure to CTb at both DOPC and ternary bilayer membranes in the
presence of GM1. The magnitude of the changes is much greater than observed for the SM
containing bilayers and are consistent with the formation of a resistive layer of toxin at the
membrane interface that leads to an increase in film thickness reflected in the capacitance decrease.
Resistance is notably greatest when both leaflets comprise domain forming lipids. That much
lower resistance values are observed for the asymmetric systems again, confirms the asymmetry
of the bilayers achieved at the MSLBs>>°, The greater resistance of domain forming bilayers is
likey attributed to organization/tight packing of lipid bilayers propagated longitudinally along both

leaflets.

2.4.5. Lateral mobility of the CTb-GM1 complex is dependent on transmembrane
composition

Labeled CTb-AS555 was used to directly monitor the protein diffusion by FLCS on exposure to
GM1-containing membrane binding. The labelled toxin, dissolved in PBS buffer (pH 7.4) at 4 nM
was injected into the MSLB contacting solution in the microfluidic device and incubated for 30
min to ensure equilibrium is reached.*>*® Figures 4 a and b shows the reflectance and fluorescence
images respectively obtained following CTb incubation at a DOPC MSLB containing 1mol%
GMI1 at the distal interface. The corresponding FLCS data is shown in Table 4.
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Figure 4. Representative confocal microscopy images obtained for labeled CTb-A555 of asymmetric DOPC
+ GMI1 (1 mol%) lipid bilayer. (a) shows the reflectance image using OD3 filter before inserting labeled
CTb. (b) shows the fluorescence lifetime image after incubating the lipid bilayer with 4 nm labelled CTb

for 30min. The scale bar is 40 um.

As the DOPC + GM1 (1 mol% at the outer leaflet) MSLB shown in Figure 4 is otherwise unlabeled
we can conclude from imaging that the intense emission localized at the membrane following CTb
incubation is due to toxin associating with the GM1-containing bilayer. The FLCS ACF fit to a
single component 2D diffusion model diffusion coefficient for the toxin at the was determined as
5.65+0.75 um?s’!. This value is consistent with values reported for CTb assembly at GM1/DOPC
GUVs where diffusion coefficient of GM1-bound CTb was similarly determined as to be
approximately half that of the lipid marker.’” As expected, the diffusion coefficient for MSLB
membrane-bound CTb is significantly higher than values reported from SLBs with similar lipid
bilayer composition. For instance, the lateral diffusion coefficient obtained for labeled CTb in
supported lipid bilayers on silica substrate containing GM1 (0.1 mol%) was reported as 0.12 +
0.03 pm?s’!, measured by FRAP *® and using STED/FCS, Honigmann et al. reported the lateral
diffusion of CTb as 0.14 + 0.01 um?s™! for glass supported lipid bilayers.’® The data reported here
reflect the advantagous fluidity of the MSLBs compared to SLBs.

In asymmetric MSLBs comprised of DOPC/SM (1:1) + GM1 (1 mol%) at the distal leaflet and
DOPC at the proximal, the ACF obtained for labeled CTb showed two diffusing populations.
Fitting to a two-component model, equation 4, the populations contributed equally to the CTb fit
with diffusion coefficients determined as 1.47 = 0.40 um?.s" and 0.03 = 0.02 um?.s'. Recalling
that lipid marker diffusion for the DOPC/SM (1:1 mol/mol) + GMI (1 mol%) composition was

determined as 5.13 +0.96 um?.s™!, the diffusion coefficient of the fast component for CTb diffusion
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is five times slower than the lipid marker, rather than the half expected. The binary composition
is expected to have co-existent liquid disordered and gel phases. The fast and slow diffusing
components may be due to the toxin associated with GM1 localized in each phase.®® However,
given that the diffusion value is so much lower than the lipid marker for this composition and that
the GM1 is expected to localize most strongly with the sphingomyelin (promoted through H-
bonding) containing phase, it is more likely that the two populations reflect diffusion of CTb both
at the gel phase but associated with different numbers of GM1. For the symmetric DOPC/SM
bilayer (GM1 1 mol% in the distal leaflet) the lateral diffusion of CTb-GMI1 complex is
dramatically reduced and only a single diffusing population is evident. Indeed, diffusion is so slow
that the intensity time trace shows strong photobleaching. This supports the argument that
diffusion is due to two populations with different numbers of GM1 bound as only the gel phase
would be expected to be so strongly affected by transverse lipid symmetry suggesting that the
GM1-CTb complexes are confined to the sphingomyelin rich gel phase.

Next, we studied CTb binding at asymmetric phase-separated lipid bilayers where the distal lipid
leaflet was composed of a DOPC/SM/Chol (2:2:1) + GM1 (1 mol%) and proximal DOPC only.
The diffusivity of CTb fit well to a single component model and was determined as 3.26 + 0.73
um?s!. As for the DOPC bilayer, the ternary bilayer the CTb diffusion coefficient was roughly
half that of the diffusion coefficient of labeled lipid in the same composition. In the symmetric
composition; both leaflets comprised of DOPC/SM/cholesterol (2:2:1) with GM1 (1 mol%) at the
distal leaflet, the diffusivity of CTb (4nM) bound to GM1 is two orders of magnitude lower than
the asymmetric lipid bilayer of the same composition. This dramatic impedance of diffusion
suggests strongly that CTb-GM1 association occurs preferentially at the Lo phase, consistent with
previous observations.’’ "% But the data may also suggest that both leaflets must have domain
forming compositions for such phases to form, i.e. that domains are transmitted through both
leaflets. Similar results of the influence of lipid composition on lateral CTb dynamics were noted
by Burns et al. Using FCS, they showed that the lateral diffusion of labeled CTb-Alexa 488 was

0.040 pm?s™ after binding to GM1 in domain forming membranes in SLBs.%
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Table 4. Effect of lipid composition on the lateral diffusion of CTb in symmetric and asymmetric MSLBs
lipid compositions. GM1 at 1 mol% was present only in the distal lipid leaflet. The experiments were

performed at 20 = 0.5 °C.

Lipid composition CTb lateral diffusion (um?s™)
Sym DOPC + GM1 5.6+0.7

Asym DOPC/SM/Chol (2:2:1) + GM1 33+0.7

Asym DOPC/SM (1:1) + GMI1 1.47 = 0.40; 0.03 + 0.02
Sym DOPC/SM/Chol (2:2:1) + GM1 0.61+0.12

Sym DOPC/SM (1:1) + GM1 0.05 + 0.08

To determine if non-specific CTb adsorption at the membrane in the absence of GM1 occurs,
control experiments were performed by FLCS and confocal fluorescence imaging. After extensive
incubation of CTb at DOPC-only membranes, consistent with the EIS experiments, there was no
evidence of CTb binding at the membrane. In contrast however, CTb (4nM) was observed to
adsorb at SM-containing bilayer in the absence of GM1. At a DOPC/SM (1:1) binary membrane,
imaging emission from bound labelled CTb and FLCS revealed a diffusion coefficient of 4.6 + 1.8
um?s' and 3.1 £ 1.5 um?s™! for CTb at the asymmetric and symmetric SM-containing bilayers
respectively. On incubation at a ternary symmetric DOPC/SM/Chol (2:2:1) bilayer CTb was also
found to association and exhibited diffusivity of 1.50 + 0.20 pum?s' (See Supplementary
Information, Figure S5 and Table S1). Notably, the diffusion values are roughly half that observed
for the toxin when GM1 is present, and correspond more closely with the diffusion values of the
lipid label. Analogous behavior is evident at the ternary compositions in absence of GM1, but our
data that whereas SM must be present, cholesterol does not need to be present for CTb adsorption
to occur The mechanism behind CTb interaction at SM containing bilayers is unknown but given
the correlation between the diffusion rates of bound CTb and lipid, it is likely mediated by a direct
single SM-CTb interaction. Given the propensity of SM to H-bond, perhaps this plays a role. To
our knowledge, there are no previous reports of CTb association with sphingolipid although, SM

interaction with other AB toxins has been proposed noted.3%*
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From FLIM the average lifetime of the CTb-A555 on GM1 binding was also collected. The toxin
bound A555 probe exhibits dual exponential fluorescence decay kinetics in all cases. In PBS (pH
7.4) buffer, away from membrane, 1 was determined as 1.90 ns and 12 as 0.54 ns (amplitude of
10% and 90% respectively), which is similar to previous data obtained for bioconjugated Alexa
555 dye.®> On association with the GM1 at the lipid membrane the fluorescent lifetime,
particularly of the longer lived, lower amplitude component was significantly extended as shown
in Table S2. For example, in DOPC bilayers with 1% GM1 at the distal leaflet, T1 was determined
as 3.1 ns and 12 as 0.6 ns (amplitude of 20% and 80% respectively, Figure S6 and Table S2). There
was a modest dependence of the long component on the bilayer composition, (supplemental
materials) wherein ternary composition tl it was slightly shorter but the substantial extension to

fluorescent lifetime in all cases on GSL binding, is a useful marker for GM1 association.

2.4.6. CTb concentration affects its lateral diffusion on lipid bilayers due to toxin
clustering

CTb/GM1 complexes have been demonstrated to diffuse very slowly within the plasma membrane
of live cells compared to other protein-lipid complexes including the Shiga toxin complex.>” The
restricted lateral diffusion of CTb/GMI1 complexes has been attributed to interaction with actin
and also seems to be associated with ATP-dependent processes, that affects the cytoskeletal
structure.%® However, contributions from cross-linking of lipid domains due to multivalent binding
of CTb, or due to aggregation of CTb after binding to GM 1 may also contribute to the anomalously
low mobility of CTb/GM1 complex. As, using Atomic force microscopy (AFM), Wang et al.
demonstrated the presence of CTb aggregates on POPC-GM1 bilayer. To date however, there have
been no reports on the effect of cholera-cholera aggregation following GM1 association on the
lateral diffusion of the resulting aggregates in membranes.”-%
To this end, we performed FLCS measurements to interrogate the diffusion of CTb/GMI as a
function of membrane composition. We first monitored the change in lateral mobility of CTb-
AS555 as a function of increasing concentration of unlabelled CTb at membranes containing static
concentrations of GM1. Next, we addressed how membrane fluidity influences CTb binding. This
is of interest because previous studies have shown that CTb intoxication occurs mostly at lipid raft

or L, domains whereas depletion of cholesterol has been shown to enhance CTb/GM1 binding.®%%
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For the mixed bilayers, we used the asymmetric MSLB’s to enable these studies, because their
enhanced fluidity, ensured diffusion of even aggregated CTb was fast enough to be measurable,
and examined two lipid compositions, DOPC alone and DOPC/SM, both containing GMI in the
distal leaflet. To understand if the aggregation is driven by GM1 concentration, we also compared

two receptor densities (1 mol% and 5 mol% GM1) at both lipid compositions.

The diffusion coefficient of labeled CTb-A555 (4 nM) was first measured following its incubation
for 30 min at room temperature at the aforementioned lipid bilayers. Because of the need for low
luminophore levels in FLCS unlabeled CTb concentration was then increased systematically whilst
holding the concentration of labeled toxin CTb-AS555 constant at 4nM. Following each addition
of unlabeled CTb, a minimum of 30 min incubation was allowed. We confirmed separately that
beyond 30 minutes no further change to CTb-A555 diffusivity occurred. Figures 5a and 5b show
representative ACF curves for CTb-AS555 as a function of CTb concentration at the DOPC MSLB
containing GM1 1 mol% and 5 mol% respectively. The diffusivity of CTb-AS555 at 4 nM fit to a
single component model and exhibited Brownian diffusion with a diffusion coefficient of 5 pm?2s-
1 at 1 mol% GMI1. Above 4nM CTb, aggregation of the toxin was evident from the ACFs with
concurrent fast and slow component to the fit caused by photobleach of labelled CTb (Figure S5c
and 5d). The slow component, on time scale of our experiments were essentially immobile. The

diffusivity of the mobile CTb component is plotted versus CTb concentration in Figure 6.
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Figure 5. ACF and fluorescence intensity decay of CTb to an asymmetric DOPC lipid bilayer containing a)
1 and b) 5 mol% GM1 at distal leaflet at 20 °C. ACF curves in both panel at varied CTb concentrations are
represented by 4 nM (black), 10 nM (red), 40 nM (blue) and 80 nM (green). Solid lines are the fitted data.
CTb concentration of 10 nM, 40 nM and 80 nM were fitted with 2 diffusing components. The %
contribution of the slow population (aggregates) to the ACF increases with GM1 concentration and CTb
concentration. ¢) and d) represent the fluorescence intensity decay of labeled CTb-AS555 at different
unlabelled CTb concentration. Photobleaching induced by CTb aggregates can be observed at 40 nM (blue)
and 80 nM (green) for both GM1 concentrations.

At DOPC MSLBs with 5 mol% GMI1 at the distal leaflet, at 4 nM CTb, notably, D was
considerably higher than for 1% GM1 at 8 um’s'. Also, in contrast, at the 5 mol% GM1/DOPC
membrane, the CTb diffusion remained single-component (Figure 6b) up to a CTb concentration
of 10 nM indicating that the valency of GMI1-CTb binding depends inversely on GMI1
concentration. At CTb concentrations greater than 10 nM, the ACF data again confirmed to a two-
component fit and with decreasing diffusion coefficient in the fast component and increasing %Pim
content. Although we were unable to estimate the diffusivity value for the immobile fraction
because of photobleaching we were able to estimate its relative % contribution the signal and

observed that it increased systematically from 0% at 4nM CTb to over 90% at 80 nM CTb for both
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GMI1 concentrations. This very slow component is likely to be the crosslinked aggregates of CTb
with multiple GM1 anchors. Estimation of diffusivity could be made for the fast diffusing fraction
in the two-component fit (Figure 6) and this fraction is taken to be GM1 associated with varying
number of GM1 anchors. The data shows that at simple DOPC bilayers the extent of CTb-GM1
aggregation depends directly on CTb concentration. And, that at lower concentrations of CTb the
number of GM1 associating with the CTb is inversely dependent on the GM1 content in the
membrane. Our observations are consistent with previous reports, where increasing in GM1
content was observed to inhibit CTb binding.”>”> However, at higher CTb concentrations,
irrespective of GM1 concentration, the fast diffusing component is the same and extensive

aggregation of the CTb has occurred.
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Figure 6 — Diffusion of the fast component of CTb-AS555 in presence of increasing concentrations of CTb
for lipid bilayers containing 1 mol% (filled circles) and 5 mol% of GM1 (open circles) in the distal leaflet.
(a) DOPC and (b) asymmetric DOPC/SM (1:1) mol/mol.

To further confirm that GM1-CTb clustering is occurring, GM1 diffusion was examined at a
DOPC bilayer containing GM1 (1 mol %) at the distal leaflet containing 0.01% mol GM1 Bodipy-
FL 488. Figure 7 shows the ACF of labeled GM1 before and after incubation with CTb (80 nM).
The lateral diffusion of labeled GM1-488 in the distal leaflet in the absence of toxin was measured
as 11.45 £ 3.55 pm?.s™! (red symbols). Following incubation with unlabelled CTb (80 nM) the

diffusion of GM1-488 became complex (green symbols) comprising a mobile and a slow-diffusing
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fraction. This behavior mirrors the diffusive behavior of the labeled CTb aggregation under the

same conditions confirming the GM1 is participating in a GM1-CTb network.
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Figure 7. Autocorrelation functions (ACF) of labelled GM1-488 in asymmetric DOPC/DOPC + GM1 (1
mol %) lipid membrane prior (red) and after incubation with 80 nM of unlabelled CTb (green). The shift to
right represents the increasing of slow diffusing population, similarly to the labelled CTb scenario

indicating that aggregation of CTb is dependent on protein concentration.

2.4.7. Effect of sphingomyelin on CTb binding within asymmetric lipid bilayers
containing GM1

Concentration-dependent in-vitro studies of CTb binding due to GM1 clustering have focused on
highly fluidic membranes comprised of DOPC and/or POPC.%" To provide insight into the
aggregation of CTb in SM containing membranes, we examined DOPC/SM (1:1) mixed lipid
composition in the distal leaflet containing 1 mol% and 5 mol% of GM1 with DOPC in the
proximal leaflet. The estimated diffusivity values for the toxin and the %Pim extracted from the fit
to the ACF data are presented in Figure 8a and 8b and in Table S4. Initially, at 1 mol% GMI1, the
CTb response is strongly influenced by the presence of SM where even at 4 nm CTb concentration,
a slow diffusing component and immobile/slow fraction constitute 50% of the population (Figure
8c), which is in agreement with previous studies reported by Schwille’” and Kraut’® showing that
SM leads to immobilization of CTb. The CTb becomes completely immobile in the presence of 40
nM of unlabeled CTb, seen by the evolution of the ACF and fluorescence intensity of CTb-AS555

(Figures 8 a and c). Similarly, for 5 mol % GM], the fluorescence intensity fluctuations of CTb
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are affected by photobleaching (Figure 8b and Figure 8d). However, the % of immobile fraction
increases with CTb concentration and is similarly evident even at 4 nM of CTb-AS555, indicating
that GM1 incorporates preferentially to SM to enriched gel domains and this can enhance CTb
cross-linking of lipid domains. 77 Together with the non-selective adsorption of CTb at SM
containing GM1-free bilayers this behavior may indicate that CTb clustering occurs in a
cooperative manner with SM enriched domains and can be related to induced clustering of SM
caused by CTb. Interestingly, unlike the DOPC-only bilayer higher GM1 concentration in the
distal leaflet appear to enhance GM1 binding; the lateral diffusion of CTb-A555 (4 nM) was found
to be 0.6 = 0.19 um?s™! for 5 mol% GM 1, which is approximately a 66% lower than diffusivity for
the same bilayer at 1 mol% GM1 containing membrane (Figure 5b, Table S4).

Many authors report the bound CTb lateral diffusion as far slower than lipid markers in Lq or L,
regions in cells or GUVs.>”"*7® Similarly our results obtained for symmetric lipid bilayers in
particular, at MSLBs show immobility of CTb-GM1, suggesting extensive aggregation. Although
asymmetric lipid bilayers also showed limited mobility which was rapidly diminished with
increasing of CTb at the nanomolar range, we can propose that domain registry along with CTb
and GM1 concentration contributes to the highly reduced CTb diffusion in cells and GUVs. Our
data also indicate lipid diffusivity of DOPE-A655 was also altered by CTb binding but only for
SM membranes (Table S4). This lateral mobility effect could be due to a lateral ordering of the
lipid membrane dependently on CTb concentration as previously reported.” However, to the best
of our knowledge, this is the first time that this effect is observed in an asymmetric lipid bilayer
formed by a purely disordered DOPC lipid leaflet and a gel phase of DOPC containing SM lipid
leaflet.
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Figure 8. ACF and fluorescence intensity decay of CTb at an asymmetric lipid bilayer comprised of
DOPC/SM (1:1 mol/mol) with GM1 (1 mol%), GM1 (5 mol%) studied by FLCS at 20 °C. a) and b) ACF
curves obtained for 1 mol% and 5 mol% of GM1 respectively at 4 nM (black), 10 nM (red), 20 nM (blue)
and 40 nM (green) of CTb with row data (dots) and fitting (solid line). CTb concentrations of 10 nM, 20
nM and 40 nM were fitted with 2 diffusing components. The % of slow diffusing population (aggregates)
increases with GM1 concentration. ¢) and d) represent the fluorescence intensity decay of labeled CTb-
AS5S55 at different wild type CTb concentration. Strong photobleaching induced by CTb aggregates is
observed at 20nM (blue) and 40nM (green) for both GM1 concentrations.

2.5. Conclusions

The use of microcavity supported lipid bilayers as a platform to build transversally asymmetric
lipid bilayer compositions and as a means to detect and study peripheral protein-membrane
recognition at nanomolar range using EIS and FLCS at symmetric and asymmetric lipid bilayer
compositions is reported. Six membrane compositions were prepared using a combined Langmuir
Blodgett vesicle fusion method; Three symmetric bilayers: DOPC alone, a binary membrane
contianing 1: 1 Sphingomyelin and DOPC as a model of mixed gel and Lq phase and a ternary
phase separated DOPC:SM:Chol membrane containing fluid-fluid coexisting phases. Analogous

asymmetric membranes in which the lower leaflet comprised DOPC were also prepared. in which
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DOPC comprised the lower leaflet and binary or ternary mixtures comprised the distal leaflets
were successfully prepared at MSLBs. Fluorescence correlation spectroscopy demonstrated that
transmembrane asymmetry has a profound influence on membrane fluidity. Where the gel phase
and ternary compositions showed 2.5 to 3.5 times lower diffusion coefficient compared to their
asymmetric analogues with a DOPC proximal leaflet. The high fluidity of the asymmetric MSLBs
enabled FLCS interogation into the effect of CTb binding on GM1-CTb aggregation, which was
evaluated as a function of CTb concentration.. Following CTb administration two populations
were found to contribute to the diffusion model.The % contribution of the slow diffusing fraction
scaled with CTb concentration, suggesting it is CTb led -crosslinked aggregates, while the fast
component % diminished and slowed with CTb concentration. This component was attributed to
single CTb units anchored to 1, 2 or 3 GM1 units at the membrane, based on simple Saffman

Delbruch estimations of radii.

Notably, the data indicate that SM binds non-specifically to CTb perhaps contributing in a
cooperative capacity to CTb GM1 binding at the membrane. Gangliosides such as GM1 participate
in a wide range of recognition and signalling processes at the cell membrane where signalling in
many cases is driven by oligomerization or 2-dimensoinal network formation at the cell membrane.
Modelling of such processes at artificial membrane requires capability to build transversally
asymmetric bilayers but also fluidity is crucial to enable bilayer organisation. We demonstrate
here that MSLBs are a versatile platform for evaluation of GSL-protein interactions at the lipid
membrane that encompass these demands and permit multimodal detection methodologies in a

single platform approach.

2.6. Supporting Material

Supporting Material data associated with this chapter can be found in Appendix A.
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3.1. Abstract

Microcavity supported Lipid Bilayers (MSLBs) are demonstrated as versatile platforms for
modelling unit steps in viral-membrane interactions. The binding of influenza receptor (HA1) to
membranes containing different glycosphingolipid receptors was investigated. We observed that
HAT1 preferentially binds to GD1a but the diffusion coefficient of the associated complex at lipid
bilayer is approximately double that of the complexes formed by HA1 GM1 or GM3.

3.2. Introduction

Supported lipid membrane models (SLBs) are important biophysical tools to understand protein
lipid/glycolipid interactions in controlled conditions.! Although highly stable, they typically
exhibit reduced lipid lateral mobility, compared to liposomes, due to frictional substrate-
membrane interactions.? Conversely, microcavity pore supported lipid membranes (MSLBs), offer
liposome-like fluidity whilst maintaining much of the stability and versatility of SLBs, including
the prospect of controlled asymmetric lipid leaflet composition inaccessible in liposomes.?
MSLBs are therefore, particularly useful in the study of assembly processes at the lipid membrane
that require lateral diffusion of constituent elements. This was exemplified recently in a study of
cholera toxin (CTb)-GM1 recognition at asymmetric and symmetric MSLBs containing

sphingomyelin and cholesterol.*

The influenza virus causes human respiratory illness and is responsible for seasonal and
unpredictable pandemic infections.” To gain entry to the cytoplasm, influenza A viral protein
hemagglutinin (HA) associates with sialylated receptors at the extracellular leaflet of the
eukaryotic cell membrane.®” Glycosphingolipids (GSLs) are an important group of hemagglutinin
receptors comprised of hydrophobic ceramide backbone attached to oligosaccharide head groups.®
Glycan microarrays have revolutionized understanding of HA glycan recognition.”!® However,
artificial glycan arrays lack the cell membrane’s fluidity which is intrinsic to the surface that HA
encounters in-vivo.!! There have been numerous investigations into the role of lipid membrane
composition on influenza binding, at both cells and membrane models, including at

supported lipid membrane models applied to HA1-GSL binding.!? For instance, the fusion of the
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H3N2 virions was demonstrated at SLBs comprised of PC/GM3 and HINI1 at liposomes
comprised of PC/PE with GD1a as the HA1 receptor.!*»'* However, the role of the host cell
membrane composition as well its fluidity in promoting or inhibiting influenza virus HA -glycan
association has not been fully elucidated.'>"'7 It has been shown, in liposomes, for example, that
the transmembrane domain of HA partitions selectively to liquid ordered (Lo) domains, and in turn
manifests clustering and budding of virus, a pathway for viral replication mediated potentially, by
lipid rafts.!'”?* Other factors such as acyl chain and sugar head composition, can affect GSL-
protein recognition, and thus are likely to affect HA binding.?! Simple models that can deconvolute
the unit constituents of membrane composition in viral and eukaryotic membranes can yield
insights into receptor recognition that may prove useful in both advancing fundamental insights
and also as biomedically relevant platforms for understanding affinities of key components in
infection for drug targets. Here, we combine electrochemical impedance spectroscopy (EIS) with
Fluorescence Lifetime Correlation Spectroscopy (FLCS) to assess the relative affinity of HAI
toward different GSLs within different membrane compositions at MSLBs. This study focuses on
the monomeric globular head domain, HA1, of influenza HA (noting in its native form it is a
homotrimeric glycoprotein).?> HA1 contains the sialic acid receptor binding site responsible for
cell membrane attachment and it is also an important epitope for neutralization antibodies against

the influenza virus.?® This analysis was carried out at the nanomolar concentration range of HA1.

3.3. Experimental Methods

3.3.1. Preparation of Microcavity arrays and MSLBs
A 1 cm? gold electrode imprinted with an ordered array of uniform semi-spherical pores of 1 um
diameter were prepared by gold electrodeposition following the method previously described
(detailed in SI).!? To enhance bilayer stability, the exterior, top, surface of the arrays was
selectively functionalized with a monolayer of 6-mercaptohexanol (SI). For FLCS studies, MSLBs
were assembled at optically transparent, polydimethylsiloxane (PDMS) microcavity arrays as
previously reported.!? Lipid bilayer was assembled by depositing a lipid monolayer at pre-aqueous
filled pore arrays by the Langmuir Blodgett deposition, followed by vesicle fusion of the proximal

monolayer. This approach, reported previously, permits ready preparation of asymmetric bilayer
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compositions.3 In nature, glycosphingolipids are isolated to the outer leaflet of the cell membrane,
thus, we assembled the GSLs only at the distal leaflet of the MSLBs by incorporating them into
the liposomes used for the vesicle fusion step (See Fig. S1, SI). Whereas EIS measurements are
label-free, for FLCS, fluorescently labelled DOPE-ATTO655 (0.01 mol%) was mixed into the
lipid bilayer and the influenza HA1 was labelled with ATTOS532 following the method described

in Fig. S2, (SI). The experiments were conducted in triplicates.

3.4. Results and Discussion

3.4.1. Binding of HA1 to DOPC bilayers containing different GSLs
We first evaluated the affinity of HA1, using EIS, toward the individual GSLs; GM1, GM3 and
GDla, where each was doped at 1 mol% into model DOPC lipid bilayers (the most fluidic
membrane) at gold-supported MSLBs. Figure 1a shows a representative Nyquist plot obtained
from DOPC bilayer containing 1 mol % of GM1 at different concentrations of HA1. The relative
Faradaic charge transfer resistance (RCT) was obtained from the diameter of the semicircle of the
Nyquist plot by fitting the experimental data to an equivalent circuit model (ECM) (inset, Fig.2a),
a heuristic model reported earlier by us for suspended bilayer over microcavity pores.1,3 Note that
a constant phase element (CPE) was used instead of a pure capacitor to obtain the best fit. The
relative change to membrane resistivity (AR) after exposure to HA1 was deduced from the initial
membrane resistivity at 0 nM HA1. As expected HA 1 binding increased membrane resistance, due
to decreased admittance through the interfacial HA layer. This is also reflected in decreased
membrane capacitance (AQ) values (cf. Fig. S3a, SI). Decreases to capacitance likely reflect
increasing membrane thickness and may also reflect convolution of membrane thickness changes
with changes to membrane roughness (or curvature), that impact the membrane area on HA
association. The relative change in charge transfer resistance (AR) was plotted against HA1
concentration (0 - 100 nM), Fig.1b (filled symbols). From Fig.1b it can be seen that by ~100 nM
saturation binding is reached for each GSL. We fit the experimental AR data (dashed lines, Fig.2b)
to the Hill-Waud binding model (SI) which applies to cooperative protein-receptor binding (Hill
coefficient, n dependency, see SI).4 From our fit, the empirical apparent equilibrium dissociation
constant K, values were estimated and indicate that HA1 has highest affinity for GD1a (17.47£2
nM, n=2.56) followed by GM3 (23.96+4 nM, n=1.45 ) with lowest affinity recorded for GM1I

130



(41.319 nM, n=1.81) at DOPC membranes (cf. Table S1, SI). These differences in affinity are not
surprising given each GSLs differs in their oligosaccharide group constitution. GD1a is notably
different in that it terminates with two sialic acid (n-acetylneuraminic acid) residues compared to
one for GM1 and GM3. In addition, the packing of the GSLs in the lipid bilayer may play a role
in affinity. GMI1 and GM3 are known to pack differently in the membrane, e.g., ganglioside
aggregation balances hydrogen bond interactions and steric hindrance of the headgroups, causing
differences to clustering of GSLs depending on the headgroup involved.5,6 The differences in

packing are likely reflected in the very different magnitudes of AR response for the GSLs on HA

binding.
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Figure 1. HA, binding to different GSLs in DOPC MSLBs formed in gold microcavities array. (a) Nyquist
plot of cavity array before bilayer deposition (open black). EIS data of DOPC bilayer with GM1 (1 mol%)
before HA1 red and after HA1 incubation (red: 0 nM, blue: 10 nM, pink: 20 nM, green: 40 nM, dark purple:
60 nM, light purple: 80 nM and violet: 100nM). Solid lines show the fit using ECM (inset). (b) Relative
variation of the DOPC bilayer resistivity (AR) on HA1 binding to bilayers containing 1 mol% of different
glycolipids. The dashed curves were fit to the Hill-Waud model. All the EIS spectra recorded in the presence
of 1 mM Fe(CN)6 3-/4- and 0.1 M KCI at a bias potential of +0.26 V vs. Ag/AgCl (1 M KCI) with an
amplitude 10 mV and frequency range of 104 to 10-2 Hz. All the measurements were carried out at 22+1

°C. The error bars in b, are + SD, and the measurements are from triplicate.
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Control experiments to evaluate non-specific binding in the absence of GSLs were carried out.
And, as expected, no impedance changes were evident on incubation of HA1 across any of the
membranes explored in the absence of GSL. This observation was further confirmed from
fluorescence data (Fig S4, SI). Next, the interaction of HA1 with each GSL at DOPC membrane
was investigated using fluorescence lifetime correlation spectroscopy (FLCS) at PDMS-MSLB
platform, to evaluate the lateral diffusivity of fluorescently labelled HA1 (HA1-ATTOS532).

Figure 2 shows representative autocorrelation function (ACF) data obtained for HA1-ATTOS532
after incubation with an MSLB of DOPC/GM1 (1 mol%) (blue circles), DOPC/GD1a (1 mol%)
(orange circles) and DOPC/GM3 (1 mol%) (green circles). Free HA1 (in the absence of bilayer)
HAI1-ATTO532 (red) and ATTO532 (black) dye in PBS solution. The diffusion coefficients of
ATTOS532 (Fig.2, black circles) and labelled HA1 (Fig.2, red circles) in PBS solution (pH 7.4)
(each at 10 nM) were calculated by fitting the ACFs to a 3D model (See SI) as 385 um?2.s™' and 90
um?.s™! respectively, which indicates a HA1 hydrodynamic radius of approximately 2.4 nm. The
lateral diffusion coefficient of HA1-ATTOS532 at GSL-containing MSLB was obtained by fitting
the ACFs to a 2D diffusion model (See SI) and was determined as 13 pm?.s! for DOPC/GD1a and
5 um?.s! for DOPC/GM1 and DOPC/GM3. The anomalous coefficient (o) value was obtained as

~1 in all cases, indicating Brownian diffusion.
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Figure 2 FLCS fitted autocorrelation functions (ACFs) obtained for free ATTO532 (black circles) and
labelled HA1-ATTOS532 (red circles) in PBS (pH 7.4). After incubating labelled HA1-ATTOS532 to MSLBs
comprised of DOPC containing 1 mo%I| of GM1 (blue circles), GM3 (green circles) and GD1a (orange
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circles). The bound fraction of HA1 was obtained by fitting the data to a one diffusing component model

using 10 nM of dye/labelled protein.

The distinction in the lateral diffusion of HA1 bound to GD1a and GM1 or GM3 is notable, given
the ceramide tails of each glycolipid are analogous, the anticipated 1:1 binding would be expected
to yield similar diffusion coefficients at a homogenous DOPC bilayer. The distinction indicates,
interestingly, that the radius of the final membrane bound HA1-GSL complex is different for GD1a
compared to GM1 or GM3. The diffusion value was therefore used to estimate the diameter of
membrane associated complex, from the Saffman-Delbriik (SD) model (SI). Using the SD model,
we obtained a radius of 0.30 nm for GD1a, which corresponds well with that expected for diffusion
of a single GD1a lipid. In contrast, a radius of 7.0 nm for the assembly formed by GM1/GM3
binding was estimated. As HA1 is monomeric and presents a single binding site, the differences
in size/diffusion value cannot be ascribed to multivalency. However, the distinctions may be
attributed to variation in penetration of HA into the membrane as it accommodates the glycolipid
binding, or may be due to self-association of glycolipids within the membrane. Although no
evidence of lateral aggregation of HA1 was observed even after prolonged incubation with GSL-
containing membrane at saturation coverage of HA1 as reflected in the homogeneity of the
intensity-time traces (Fig. S5, SI). And, binding of HA1-ATTO532 (10 nM, 40 nM or 80 nM, see

Fig. S5, SI) at the membrane, was found not to influence membrane diffusivity significantly.

3.4.2. Membrane fluidity affects HA1-GSL recognition
Other parameters such as physical properties of membrane and phase, which are affected by
membrane composition can influence the lateral organisation of GSLs and their clustering. And
there is significant evidence that ordered domains and rafts can promote HA-glycan binding.7-9
Furthermore, the lateral organization of GSLs can be affected by the membrane composition in
purely liquid disordered (Ld) membranes which may also influence affinity for HA1.5,10 We,
therefore used the MSLBs to investigate the impact of the membrane composition and Lo and Ld
phase-separated domains on HA1l binding to GMI. The membrane diffusivity for each
composition was assessed from the lateral mobility of DOPE-ATTO655 lipid tracer in the absence
of protein, and the protein diffusivity was determined with HA1-ATTOS532 at bilayers of DOPC,
POPC and DOPC/SM/Chol (4:4:2) (mol/mol/mol) doped with 1 mol% GMI1 at the distal leaflet.
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In parallel, the effect of HA1 association was evaluated using EIS at gold arrays. The Faradaic
charge transfer resistance (RCT) of the aforementioned membranes and their relative change on
exposure to HA1 interactions are shown in Fig.3. Interestingly, the binding constant, roughly
estimated from AR at 50% saturation, is essentially unchanged by membrane composition.
Whereas in contrast, the relative magnitude of membrane resistance change varies widely with
composition on association with HA1 (Fig. 3). AR is most pronounced for DOPC MSLB,
compared with POPC, and HA1 exerted least impact on the resistance of the ternary
DOPC/SM/Chol membrane. For instance, at a fixed concentration of HAl (100 nM),
corresponding to saturation binding, the AR obtained for DOPC (ARDOPC = 1.9 kQ) shows
respectively 2 and 10 fold greater resistivity change compared to POPC membranes (ARPOPC =
0.9 kQ) and DOPC/SM/Chol (AR = 0.2 k) membrane. This is attributed to the much tighter
packing of cholesterol-containing membranes. The diffusivity data for labelled DOPE from FLCS
(Table S2) in the absence of HA1 and for bound labelled HA1 are given in (Figure 4b, Table S2).
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Figure 3 Representative resistance changes on HA1 binding to GM1 (1mol%) at MSLBs of different lipid
compositions. The addition of sphingomyelin and cholesterol reduces the clustering of Influenza receptor
in comparison to the highly fluidic DOPC lipid bilayer. The asymmetric lipid bilayers are comprised of a
DOPC layer (proximal leaflet) and DOPC/SM/Chol (4:4:2) (distal leaflet).
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In the absence of HA1, the lateral diffusion of labelled DOPE-ATTO655 was recorded as 10
umz2.s-1 for DOPC, consistent with previous reports,11 6.0 pum2.s-1 for POPC and 3.5 pm2.s-1
for DOPC/SM/Chol (4:4:2) membrane. The presence of 1 mol% GM1 at the distal leaflet did not
affect measured fluidity. As expected, the data confirms membrane fluidity decreases in the order;
DOPC > POPC > DOPC/SM/Chol (4:4:2), attributed in the latter case to mixed domain
formation.12 Within experimental error, the diffusivity of the lipid marker did not change upon
HAI1-ATTO532 (10 nM) incubation irrespective of membrane composition. For the ternary
DOPC/SM/Chol (4:4:2) composition, the diffusivity of the ordered lipid regions was obtained
separately by measuring the lateral diffusion of labelled sphingomyelin (SM-ATTO647n), as 2.5
pum?2.s-1, which is 3.5-fold lower than its diffusivity in DOPC membranes, 8.8 um2.s-1 (Fig. S6,
SI). The lateral diffusion of membrane bound HA1-ATTO532 is influenced profoundly by
membrane composition and found to be 5.0 um2.s-1 for DOPC, 3.3 um2.s-1 for POPC and 1.6
pm?2.s-1 for ternary lipid bilayers.
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Figure 4 — a) Normalized autocorrelation function of HA1-ATTO532 obtained from MSLBs of DOPC
(green), POPC (red) and DOPC/SM/Chol (black). All lipid bilayers contain GM1 (1 mol%) in the distal
lipid leaflet. (b) Illustrates corresponding fluorescence intensity time trace of labelled HA1 at designated

bilayer composition.

Notably, for DOPC and POPC the diffusion coefficient is roughly half that of the lipid label.
Whereas for the ternary composition, the diffusion rate is lower than half, which suggests an
association with ordered domains, consistent with previous report.13 The number of labelled HA1

molecules in the confocal volume may indicate that HA1 has a higher preference to bind to GM1
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in more fluidic membranes but based on EIS data the difference is not dramatic (Figure 4b, Table
S2). It is worth mentioning that the curvature, as well as thermal fluctuation of membrane lipid,
may affect the diffusivity of proteins, as observed in a previous study.14 Our results from EIS as
well as FLCS revealed that HA1 has an important predilection for binding GSLs in more fluidic

membranes.

3.5. Conclusion

In summary, the affinity of three prevalent glycosphingolipids for influenza subunit HA1 were
compared. GD1a showed highest affinity at DOPC bilayers, but diffusivity of the resulting GSL-
HA1 complex was roughly half of that GM1 and GM3- HA1 complexes indicating surprising
differences in the assembly dimensions or associated HA1 penetration into the lipid bilayer. The
affinity of HA1 for GM1 appears unaffected by bilayer composition. But the lower mobility of
bound HA1 in SM/Chol membranes suggests association with Lo domains. Overall, the data
demonstrates that MSLBs are versatile platform for modelling unit steps in viral-membrane
interactions. These studies will next be extended to multivalent HA subtypes and related viral

models.

3.6. Supporting Material

Supplementary data associated with this chapter can be found in Appendix B.
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Chapter 4: A Robust Photoelectric Biomolecular Switch at a
Microcavity Support Lipid Bilayer
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microcavity arrays preparation, FLCS and electrochemical studies. Dr. A. Gimenez carried out
microcavity arrays SEM/FESEM imaging and Alexandra O’Connor assisted in protein activation
experiments. Supporting information associated with this chapter can be found in Appendix C.
4.1. Abstract

Biomolecular devices based on photo-responsive proteins have been widely proposed for medical,
electrical, energy storage and production applications. And, bacteriorhodopsin has been
extensively applied in such prospective devices as a robust photo addressable proton pump. As it
is a membrane protein, in principle it should function most efficiently when reconstituted into a
fully fluid lipid bilayer but in many model membranes, lateral fluidity of membrane and protein is
sacrificed for electrochemical addressability because of the need for an electroactive surface. Here,
we reported a biomolecular photo-active device based on light activated proton pump,
bacteriorhodopsin (bR) reconstituted into highly fluidic Microcavity Supported Lipid Bilayers,
MSLBs, at functionalised gold and polydimethylsiloxane (PDMS) cavity arrays substrates. The
integrity of reconstituted bR at the MSLBs along with the lipid bilayer formation were evaluated
by Fluorescence Lifetime Correlation Spectroscopy (FLCS), yielding protein lateral diffusion
coefficient that was dependent on bR concentration, and consistent with Saffman-Delbriick model.
The photo-electrical properties of bR-MSLBs were evaluated from the photocurrent signal
generated by bR under temporal and transient light illumination. The optimal conditions for a self-
sustaining photo-electrical switch were determined in terms of protein concentration, pH and light
frequency of activation. Overall, a significant increase in the transient current was observed for
lipid bilayers containing approximately 0.3 mol% bR with a measured photo-current of 250
nA/cm?2. These results demonstrate that the platforms provide an appropriate lipid environment to
support the proton pump, enabling its efficient operation. The bR reconstituted MSLB model
serves both as a platform to study the protein in a highly addressable biomimetic environment but
also serves as a demonstration of reconstitution of seven-helix receptors into MSLBs, opening the
prospect of reconstitution of related membrane proteins including G-protein-coupled receptors at

these versatile biomimetic substrates.

4.2. Introduction
Molecular machines, capable of reversible molecular motion or vectorial charge transport in

response to optical or electrochemical stimuli are widely proposed as constituents of Boolean logic
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gates for high density data storage and processing or for signal processing in imaging and sensing.
As recently discussed by Leigh et al, there are two approaches generally taken in design of
molecular machines, Technomimetics and Biomimetics, where the structures are inspired by real
world mechanical machines in the latter and by molecular biological switches and signals in the
latter.! The advantage of biomimetics is that such systems are already molecularly based, and
biology offers the advantage of iteratively evolved structures and mechanisms to produce
nanomechanical devices that offer robust addressable by light or changes to potential. Such
biological molecular machines include functions such ATP synthase, neural transport, force
generation, cell motility and division, membrane channels and ions pumps. All offer opportunities
for the development of smart switchable materials.> And, the manipulation of such biological
structures in engineered self-assembled biomolecular devices is emerging as a domain with
extensive potential for advances in nanoengineering, materials science as well as an avenue to new
biological insights.>® However, the majority of biological molecular machines are membrane
proteins, thus their structure and conformation, which is intrinsically linked to their efficient
operation, relies on their proper insertion or orientation at the lipid membrane. Thus, the
reconstitution of such biomaterials into bioengineered structures that closely mimic the key

elements of the biological membrane are crucial to achieving optimal and stable response.

In biology, signal transduction and cell signaling frequently relies on biomolecular switches such
as protein conformational change to create membrane proton gradients, instigate processes such
protein aggregation, and cellular viral entry.”® Many applications of biomolecular machines in
artificial devices particularly rely in the ability of biomaterials to respond electrically under light
irradiation. Among them, particular attention has been paid to biohybrid engineered devices
focused on self-assembled protein-based photonic devices, such ion channel and transporter
proteins in artificial membranes.!®!* Such retro-bioengineering of photochromic biological
machines are finding application in in photochemical cells, biosensors, solar fuel and energy

storage/conversion.'*

Bacteriorhodopsin (bR) is one of the most studied biological machines in this regard. It is a photo-
initiated proton pump of the Halobacterium Salinarum membrane. bR converts solar into chemical

energy by pumping protons against a proton gradient from the cytosolic to the extracellular side
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of the cell membrane. The bR photocycle which completes in about 10 ms at room temperature,
occurs through a series of 7 spectroscopically distinguishable steps
bR—-K-LeoMI—-M2-N—0O—bR. The first is initiated by the photoinduced all-trans-to-cis
isomerization at C13=C14 of the retinal, culminating in proton transfer across the bacterial
membrane.'>!® Because of its relatively robust structure, bR has been studied with demonstrable
retention of photoactivity, outside of its native membrane environment in thin solid films. So bR
is an attractive model for hybrid bioelectronic devices.!” across diverse applications including

optical memories, photovoltaic cells, artificial cells, and artificial retina prostheses.!#!8-20

However, like most biological machines, bR is a membrane protein. It is a 7-pass integral protein,
meaning that, in nature, it is integrated into the cell membrane of the organism through 7 topogenic
a-helices that also encase the photoactive retinal trigger. For such integral proteins, the membrane
environment is intrinsic to their conformation and function. And for bR, as the retinal is
encapsulated within the membrane bound helices in its native environment its coupling to these
helices and the conformational changes that retinal instigates occur within the membrane and so
the dynamics are likely evolutionarily optimized for operation in this native environment And,
while bR is remarkably robust compared to other membrane proteins, to the extent that many
hybrid applications have not required the protein to be embedded in its native environment, there
are significant advantages to bR integration into functional hybrid devices that encompass the
lipidic environment and intra and extracellular analogues. Not least, using a membrane enables
use of wild-type and thus inexpensive bR directly without need for genetic modification.'* But,
furthermore, given the complexity of the photocycle, ensuring conformational integrity of the
protein should ensure closest biomimicry so that the evolutionarily iterated dynamics of the
photoswitch apply. Indeed, distinct changes to the dynamics of the photocycle are observed
depending on the protein microenvironment.?! In addition, stable, interfacial hybrid devices that
incorporate integral proteins in true, fluidic lipid membranes, while rare, offer opportunities to
diversify from robust proteins such as bR to other less studied membrane proteins, broadening

potential access to a wide range of molecular machines.?***

Ideally, a lipid/protein based artificial model must exhibit controllable lipid composition, good

addressability, by interfacial (electrochemical) and spectroscopic methods, and crucially, maintain
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lipid membrane lateral fluidity, avoiding frictional interactions with the underlying substrate and
also potentially protein denaturing surface interactions.?*>® This combination of properties is not
trivial to accomplish. Solid supported lipid membranes and associated cushioned/tethered variants
are robust and stable lipid models with excellent addressability and are therefore widely used as
artificial membrane models. For bR where the solid support is conducting, the interface provides
a means to study the photocurrent.?”? However, reconstituted membrane proteins rarely show
mobility. Liposomes and more recently lipid nanodisks are excellent platforms for ensuring a
native like environment for reconstituted protein but suffer issues with addressability. However,
solid-supported lipid membranes have some fundamental drawbacks, for example, they typically
exhibit reduced lipid lateral mobility and the membrane-substrate distance is usually not

sufficiently large to avoid direct contact between transmembrane proteins.

To avoid substrate-membrane interactions, new and more biomimetic artificial lipid models based
on pore-suspended lipid membranes have been proposed, which combine the versatility of
substrate-supported lipid bilayers with the membrane fluidity observed with freestanding
membranes. For instance, the photoelectrical response of bR has been studied in black lipid
membranes?}, nanopore-supported lipid bilayers'! and nanodiscs.>**? Such approaches offer
membrane is not in contact with a solid interface. A potentially useful lipid-based device in this
regard for molecular machines are microcavity supported lipid bilayers (MSLBs), which combine
the membrane fluidity observed in free-liposomes with the versatility and addressability of
supported lipid bilayers. The pore-suspended character of MSLBs in contrast to classical SLBs
have bulk aqueous environment at both interfaces of the bilayer. that at the microcavity interface
can as a reservoir, encapsulating the lipid bilayer in an environment suitable for transmembrane
proteins. The deep aqueous reservoir of the well, ensure reconstituted membrane proteins attain
full lateral mobility. And, although single pass proteins; including integrin and glycophorin, have
been reconstituted into MSLBs,* multi-pass proteins have not to date. Thus also light addressable
ion channel proteins such bR to artificial membranes spanned over microdimensioned cavity
arrays and their electrical activity was not yet explored. Reconstitution of protein into such devices
is of value because they combine the qualities of true, compositionally versatile lipid bilayer with

fluidity, including that of the reconstituted protein and optical and electrochemical addressability.
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Herein, we report a method a new format for lipid membrane reconstituted bR at an MSLB using
a hybrid two-step method involving fusion of proteoliposomes containing bR to pre-deposited lipid
monolayer spanned over aqueous filled microcavity arrays. This method could be reliably used to
reconstitute different densities of bR to the MSLB permitting investigation of the biophysical
properties of formed artificial membranes and the photoelectrical activity of bR as a function of
concentration. The lipid bilayer formation, as well the reconstituted bR to MSLBs were evaluated
using Fluorescence Lifetime Cross Correlation Spectroscopy (FLCCS) and Fluorescence Lifetime
Correlation Spectroscopy (FLCS). The photoactivity of bR was confirmed through
chronoamperometry and affirming that bR retains its functionality forming a micro-photoactive
device with stable and notably high and reproducible photocurrent switching over wide range of
flicker frequencies overall indicating that bR-MSLBs represent a novel artificial biomolecular

device.

4.3. Experimental Section

4.3.1. Materials
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased with maximum degree of
purity (> 99%) from Avanti Polar Lipids (Alabama, USA) and used without further purification.
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine labelled ATTO655 (DOPE-ATTO655) and
NHS-ester-ATTOS532 were purchase from ATTO-TEC GmbH (Siegen, Germany).
Bacteriorhodopsin (lyophilized purple membrane) was purchased from Bras del Port S.A.
(Alicante, Spain). Bacteriorhodopsin structure and purity was manufacturer-guaranteed, as
presented in Figures S1 and S2. Phosphate buffer saline (PBS) tablets and Triton X-100 were
purchased from Sigma-Aldrich (Wicklow, Ireland). Bio-beads SM-2 were purchased from Bio-
Rad laboratories (Hercules, CA, USA). Aqueous solutions were prepared using Milli-Q water
(Millipore Corp., Bedford, USA). Polydimethylsiloxane silicon elastomer (PDMS) was purchased
from Dow Corning GmbH (Wiesbaden, Germany) and mixed following supplier instructions.
Silicon wafers coated with a 100 nm layer of gold on a 50 A layer of titanium were purchased from
Platypus Technologies (New Orleans, LA, USA). The monodisperse polystyrene latex sphere with
a diameter of 1 pm and 4.61 um was obtained from Bangs Laboratories Inc. (Fishers, IN, USA).
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The commercial cyanide free gold plating solution (TG-25 RTU) was obtained from Technic Inc.
(Cranston, RI, USA).

4.3.2. Preparation and fluorescent labelled bacteriorhodopsin

Bacteriorhodopsin from purple membrane was solubilized in PBS buffer (pH 7.4) in presence of
Triton X-100 (5 mM) and kept under gentle shaking for 24h at room temperature in the dark. The
solution was then centrifuged for 1h at 10000 rpm to ensure insoluble particles or impurities were
removed. The supernatant was collected and stored at 4°C and used within 30 days. For FLCS
studies, bR was labelled with ATTO-532 by NHS-ester coupling following the protocol provided
by ATTO-TECH. Briefly; 1 ml of bR (1 mg/ml) in PBS buffer (pH 8.3) was reacted with NHS-
ester-ATTO-532 (1 mg/ml, DMSO) at a molar ratio of protein to dye of 1:3. The protein/dye
mixture was gently agitated for 1h in the dark at 20°C. Unreacted dye was dialyzed from the
labelled protein solution with a size exclusion membrane (10 kDa) (Milipore, Ultracel 10) by
centrifugation at 10000 RPM for 30 min. This process was repeated 5 times and the labelling
efficiency of the final bR-ATTO532 was verified by UV-Vis (See Figure S1).

4.3.3. Reconstitution of bR into large unilamellar vesicles
Reconstitution of bacteriorhodopsin into liposomes was accomplished using a a protocol
previously reported by Jean-Louis Rigaud et al.’* Briefly; bR was inserted into detergent-
destabilized pre-formed DOPC liposomes. Detergent was subsequently removed by adsorption on
polystyrene beads (biobeads) (See Scheme S1). First, a DOPC lipid film (4 mg) was dried in an
amber glass under a gentle nitrogen flow and further dried under vacuum for 1h. For fluorescence
studies, DOPE-ATTOG655 was add to the lipid film at concentration of 0.01 (mol %) before drying
the lipids under nitrogen flow. The lipid film was suspended by vortexing the lipid film in 1 mL
of PBS buffer (pH 7.4) to achieve a liposomal concentration of 4 mg/mL for about 60 seconds.
The obtained liposomal solution was extruded 11 times through 100 nm polycarbonate membrane
(Avanti polar lipids). The resulting LUVs were then destabilized with Triton-X100.>* The optimal
detergent concentration was determined using DLS and UV-Vis (See Figure S2) as 4.5 mM Triton
X100 which was combined with the DOPC liposomes 10 min under gentle stirring. Then, the
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appropriate quantities of bR were added to the stirred solution to achieve a desired lipid/protein
(L/P) ratio and the mixture kept under gentle agitation for 1h. The detergent was removed from
the proteoliposomes by the sequential addition of 4 aliquots of pre-washed polystyrene beads (80
mg/mL) every 1.5h each. The proteoliposomes containing labelled bR-ATTOS532 were
characterized by DLS and Fluorescence Lifetime Cross-Correlation Spectroscopy (FLCCS), UV-
Vis spectroscopy and relevant data compared to the properties of the liposomes prior to bR

reconstitution (See Schematic S1).

4.3.4. Fabrication of PDMS and Gold microcavity arrays
The lipid bilayers were suspended across buffer-filled microcavity arrays prepared using a highly
closed packed arrays substrates. Briefly, gold microcavity arrays were prepared by gravity-assisted
convective assembly of microsized polystyrene spheres (PS) microsphere lithography and
selectively modified with a self-assembled monolayer (SAM) of 1 mM 6-Mercapto-1-hexanol as
described elsewhere.**3® The gold-microcavity arrays were prepared by drop casting polystyrene
(PS) microspheres with 1 pum of diameter followed by gold electroplating, as described in the
schematic presented in Scheme la. To obtain a highly packed microcavity array, a highly closed
packed monolayer of polystyrene (PS) microspheres were casted using gravity assisted method
onto pre-cut rectangles of gold coated silicon wafers. Then, gold was electrodeposit to the
interstitial surface between the PS microspheres by applying a reduction potential (-0.6V,
Ag/AgCl) to the gold array in presence of a cyanide free gold solution. The electrodeposition was
controlled by the evolution of the current at the gold array until the current reached a minimum
value corresponding to the closer distance between the spheres, indicating that the
electrodeposition of gold has reached the hemisphere of PS (Figure S6a). After the gold
electrodeposition the arrays were electrochemically cleaned using cyclic voltammetry in sulfuric
acid (10 mM) for 6 cycles (-0.2 to 1.8V) and rinsed with deionized water, ethanol and dried gently
under nitrogen flow (Figure S6b). The top surface of the gold microcavity arrays was then
selectively functionalized with a self-assembled monolayer of 6-mercaptohexanol (1 mM) for at

least 24 h in ethanol (Figure S6c).

The PDMS microcavity arrays were prepared by drop casting 50 pL of ethanol containing 0.1%

of 4.61 um polystyrene spheres (Bangs Laboratories) onto a I cm x 1 cm hand cleaved mica sheet.
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After ethanol evaporation, PDMS was poured onto the PS spheres array and cured at 90 °C for 1h.
The microcavities array is then formed after removing the inserted PS spheres by sonicating the
PDMS substrate in tetrahydrofuran (THF) for 15 min. The substrates were then left to dry
overnight. Prior to lipid bilayer formation, the substrates were plasma cleaned using oxygen
plasma for 5 min and microcavities were buffer filled before to lipid monolayer deposition by
sonicating PDMS substrate in PBS buffer (pH 7.4) for 1h. As previously reported, this step is

important to increase the hydrophilicity of the substrate.>?

a)
Grabity-assisted convective assembly of
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Figure 39. Schematic representation of step-by-step fabrication of Gold and PDMS microcavity arrays. a)
To obtain a hemisphere microcavity array gold was electroplated until the equator of PS, gold microcavity
arrays were prepared using Gravity-assisted convective assembly of polystyrene microspheres followed by
gold electroplating. The substrates were functionalized with self-assemble monolayer (SAM) of 6-
mercaptohexanol. b) The microcavity arrays used in FLCS were prepared by pouring PDMS to pre-deposit
PS spheres following by PS removal.

4.3.5. Characterization of Au/PDMS pcavity arrays
Shape and size of formed microcavities arrays was characterize by Scanning Electron Microscopy
(SEM) and Field Emission Scanning Electron Microscope (FESEM). SEM images of PDMS
arrays were collected using a Hitachi S3400n, Tungsten system using 5.00 kV accelerating voltage.
FESEM images of gold arrays (top view, tilted and profile) were obtained using a Hitachi S5500.

All images were acquired using secondary electron mode.
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4.3.6. Preparation of Microcavities Supported Lipid Bilayers containing
bacteriorhodopsin

Microcavity supported lipid bilayers containing bacteriorhodopsin (bR-MSLBs) were spanned
across buffer filled micro-cavity arrays following a combination of Langmuir-Blodgett (LB) and
vesicle fusion as described previously.*® Briefly and approximately 50 uL of 1,2-Dioleoyl-sn-
glycero-3-phosphocholine (DOPC) (1 mg/mL in chloroform) were deposited onto the air-water
interface of LB trough (NIMA 102D) and allowed to evaporate for 15 min and the resulting lipid
monolayer at the air water interface was compressed four times to a surface pressure of 36 mN/m
at 15 mm/min (See Figure S2). Then, micro-cavity arrays were immersed into the LB trough until
all of the cavities were submerged completely into the subphase. The micro-cavity array was
withdrawn from the trough at a rate of 5 mm/s whilst the surface pressure of the lipids was retained
at 32 mN/m to ensure an adequate transfer of DOPC monolayer (See Figure S2). To assemble the
upper leaflet of the bilayer and incorporate bacteriorhodopsin, the lipid monolayer was exposed to
preformed DOPC/bR proteoliposomes (0.25 mg/ml) and allow to incubate for 3 hours in the dark.
The integrity of lipid bilayers was acceded by Fluorescence Lifetime Correlation Spectroscopy

(FLCS) and the photo-electrical response of bR-MSLBs was studied by chronoamperometry.

4.3.7. Fluorescence Lifetime Cross-Correlation Spectroscopy (FLCCS) and Fluorescence
Lifetime Correlation Spectroscopy (FLCS) measurements

Single point FLCCS was performed in preformed proteoliposomes containing labelled bR-
ATTO532 and DOPE-ATTOG5S5 to assess the incorporation of bR to liposomes and the formation
of proteoliposomes. FLCS was performed to evaluate the lipid bilayer formation over micropores
after proteoliposomes fusion by accesing the diffusivity of DOPE-ATTOG655 and to evaluate the
bR integrity in MSLBs by monitoring the diffusivity of bR-ATTOS532. Fluorescence
measurements were performed on a MicroTime 200 lifetime (PicoQuant GmbH, Berlin, Germany)
using a water immersion objective (NA 1.2 UPlanSApo 60 x 1.2 CC1.48, Olympus). The detection
unit comprises of two single photon avalanche diode (SPAD) from PicoQuant. Labeled lipid
membrane marker DOPE-ATTO655 was excited with 640 nm LDH-P-C-640B (PicoQuant) and
bR-ATTO532 was excited with 532 nm PicoTA laser from Toptica (PicoQuant). To exclude
scattered or reflected laser light, emitted fluorescence was collected through a HG670Ip

AHF/Chroma or HQ550lp AHF/Chroma band pass filter for 640 or 532 nm laser respectively. To
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exclude scattered or reflected laser light, emitted fluorescence was collected through an HG6701p
AHF/Chroma or HQ550Ip AHF/Chroma band pass filter for 640 or 532 nm lasers, respectively. A
50 um pinhole was used to eliminate photons from outside the confocal volume. Before FCLS
measurement, backscattered images of the substrate were taken using an OD3 density filter to
ensure the optimal positioning of the focus to the center of the microcavity. Then, the bilayer
position was determined by z-scanning until the point of maximal fluorescence intensity of DOPE-
ATTO655 was found. At this point, the fluctuating fluorescence intensity of labelled lipid marker
or bR-ATTO532 were measured for 30 to 60 seconds per cavity, and replicate data from 20 to 30
cavities were measured per sample. To assess simultaneously the diffusion time (ms) and the
fluorescence lifetime (ns) the emitted photons were analyzed by a time-correlated single photon
counting system (TCSPC) (PicoHarp 300 from Picoquant). The fluorescence fluctuations obtained

are then correlated with a normalized autocorrelation function (Equation 1):

_ (BF(©).8F (t + 1) (Eq.1)

(@) (FO)?

The auto-correlation curves obtained from the fluorescence fluctuations of DOPE-ATTO655 and
bR-ATTOS532 were fitted to a 2-D model (Equation 2) using the software SymphoTime (SPT64)

version 2.4 (PicoQuant).

6w =11+ (TL)] (Eq.2)

Here, p represents the amplitude at G(t) and is defined as the inverse of number of molecules (1/N)
and a is the anomalous parameter; tD is the diffusion time of the fluorescent marked molecules in
the lipid membrane. The diffusion coefficient is related to the correlation time tD by the relation
D = ®?/41D, where o is the 1/e2 radius of the confocal volume i.e. the waist of the exciting laser
beam. ® was measured for each excitation using a reference solution of free dye for which the

diffusion coefficient is known. The ® was determined by calibration using reference dyes; ATTO-

655 (Atto TEC, GmbH) for 640nm laser and Rhodamine 6G for 532 nm laser at 20°C in water.
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4.3.8. Photocurrent generated by BR-MSLBs
To measure the photoelectrical activity of bR-MSLBs, lipid bilayers spanned over gold-
microcavities arrays were investigated using chronoamperometry performed on a CHI 760B
bipotentiostat (CH Instruments Inc., Austin, TX). The measurements were performed in 0.1 M
KCI as supporting electrolyte solution using a three-electrode system consisting of a Ag/AgCl (1
M KCI) reference electrode, platinum coiled wire as a counter electrode and the gold-MSLB as
the working electrode at OV potential. The photocurrent of the self-sustaining switch was generated
by photo-activating bR-MSLBs with a2 mW LED (A=555 nm) (Thor Labs, England) kept inside
the Faraday cage and the LED was operated using a microcontroller “Arduino Uno” (Arduino,
Italy). The source of light was kept 1 cm away from the substrate. Experimental setup is shown in

Figure 2. The experiments were conducted in triplicates.

Data Collection System

Working . Counter Reference
electrode electrode - electrode

H
&
H
i i

=]

Light Source (550nm) bR-MSLB electrochemical cell

Figure 40. Schematic representation of the experimental setup of used for photocurrent measurements of
Microcavity Supported Lipid Bilayers containing Bacteriorhodopsin (bR-MSLBs). The electrochemical
apparatus consisted of a Ag/AgCl reference electrode (R.E), a platinum wire as counter electrode (C.E).

The working electrode (W.E) is comprised of the MSLB-bR.
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4.4. Results and Discussion

4.4.1. Preparation and Characterization of fluid Microcavity Supported Lipid Bilayers
containing bacteriorhodopsin (bR-MSLBs)

The microcavity supported lipid bilayers were prepared and characterized as reported in detail
previously. 3336394l Previous data confirm that surface modified pore arrays in gold and PDMS,
that are pre- aqueous filled with buffer support stable, hydrated lipid bilayers, where the bilayers
are fluidic and span the cavity apertures. And, that both lipid and any reconstituted protein exhibit
liposome-analogous diffusion coefficients.>*¥34! It was also confirmed previously that the
method of bilayer preparation results in a single bilayer*? and that the bilayer has sustained
integrity, denying access to non-permeable species into the cavity.* Here, the LB monolayer and
liposome fusion method reported previously was used to create the MSLBs, but in this instance
the liposomes contained reconstituted bacteriorhodopsin.>**® The bR proteoliposomes used for
fusion were characterized by DLS (See SI) and the protein reconstitution into liposome was
confirmed in solution (PBS, pH 7.4) before the liposomes were then used for bilayer formation,

using Fluorescence Lifetime Cross-Correlation Spectroscopy (FLCCS).

To confirm the bR was reconstituted into the liposomes, the proteoliposomes were labelled with a
lipid marker and the signal from this was cross-correlated the FCS signal from the bR label, to
ensure that they co-diffuse, i.e. to confirm that they are both reconstituted into the same liposome.
Using FLCCS, the diffusivity of the green labelled bR and red labelled DOPE though the confocal
volume was evaluated simultaneously. The relative cross-correlation amplitude indicates that bR
is reconstituted into the DOPC liposomes along with the DOPE label, and we can conclude that
the proteoliposomes are properly formed.** The Figure 3 shows the FLCCS of proteoliposomes
tagged with DOPE-ATTO655 and bR-ATTO532 (Figure 3, schematic). The amplitude of the
cross-correlation signal G(t) (Figure 3, black line) is characteristic of concomitant movement of
protein and tagged liposomes and indicates that both labelled DOPE and bR are diffusing together
44,45

within the laser confocal spot consistent with protein reconstitution into proteoliposomes.

After proteoliposome fusion to the DOPC monolayer to form lipid bilayer, signal cross-correlation
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G(7) is lost, as expected, indicating lipid and protein mixing into the MSLB and rupture of the

proteoliposome.
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Figure 3. Auto-Correlation Functions (ACFs) from bR reconstituted DOPC proteoliposomes monitoring
the DOPE-ATTO655 (0.01 mol %)(red) and bR-ATTO532 (0.01 mol %) labels (green) before disruption
at the microcavity lipid monolayer interface. The Black lines show the cross-correlation curves before (solid
line) and after (dashed line) proteoliposome fusion to DOPC monolayer i.e. following lipid bilayer
formation. The insertion represents the proteoliposomes after bR reconstitution containing labelled DOPE-
ATTOG655 (red spots) and bR-ATTOS532 (green spots). The insert shows the proteoliposomes containing
labelled bR-ATTOS532 (green tagged purple protein) and DOPE-ATTO655 (red tagged
lipid)..demonstrating how cross correlation signal is only observed if the bR is reconstituted into the

liposomes.

Membrane proteins provide outstanding opportunities for purposing sophisticated molecular
switches. However, their membrane environment is key to their function. In this context, the
fluidity of microcavity supported lipid bilayers is a key advantage of MSLBs over solid supported
lipid membranes. Therefore, to investigate the photo-activity of bR in the MSLBs, the lipid
bilayers were spanned across microcavity arrays using a hybrid method combining Langmuir-
Blodgett (LB) lipid monolayer deposition with proteoliposome fusion reported previously.*
Proteoliposomes comprised of DOPC and reconstituted with different concentrations of bR were

disrupted at the aqueous filled microcavity arrays modified with an LB transferred DOPC
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monolayer (Figure 4a). The formation of the microcavity supported lipid bilayer was evaluated by
Fluorescence Lifetime Imaging (FLIM) and by monitoring the lateral diffusion of labelled DOPE-
ATTOG655 using Fluorescence Lifetime Correlation Spectroscopy (FLCS). Imaging and diffusion
values conformed to previous reports for MSLBs with FLIM images of DOPE-ATTOG655 obtained
for DOPC/bR reconstituted lipid membranes confirming a continuous lipid bilayer spans the
PDMS microcavity array and that the bilayer was faithfully formed with controlled concentrations
of bR reconstituted. The rim of the microcavity is marked in the figure by the red circle (Figure 4b
I-IV) and the fluorescence from the labelled protein evident above the microcavity pores indicating

that the bR is reconstituted into the membrane spanned over the micropores.
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Figure 4. a) Schematic representation of preparation of MSLBs containing bR spanned over aqueous buffer

filled PDMS microcavity arrays using LB/Proteoliposome fusion. (b) (I — IV) Fluorescence Lifetime
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Imaging (FLIM) of DOPE-ATTO655 obtained for bR-MSLBs obtained after proteoliposome fusion
containing different concentrations of bR, for 0.01mol%, 0.03mo0%, 0.3mol% and 3mol%, respectively.
The red circles indicate the rim of microcavities from within which the FLCS signals were collected, (c)
and (d) Fluorescence Lifetime Correlation Spectroscopy (FLCS) obtained using labelled DOPE-ATTO655
and bR-ATTOS532.

Using FLCS, a highly sensitive single molecule technique, the lateral diffusion coefficient of
DOPE-ATTO655 obtained at DOPC/bR bilayers show that the reconstitution of bR into the DOPC
membrane affects the diffusivity of DOPE. This effect scales with the protein concentration, where
DORPE lateral diffusion decreases as protein content increases in the bilayer (Table 1). The lateral
diffusion coefficient obtained for a DOPC lipid bilayer without bR (bare DOPC) was measured as
approximately 10 pm?s™. This value is consistent with previously reported our group for DOPC
MSLBs as well as for other reported free-standing DOPC bilayers and liposomes.***4® The lateral
diffusion of labelled DOPE was approximately 9.8 + 0.5 um?.s™!, 8.4 £ 0.6 um*s!, 6.5+ 0.4 um?.s”
1,5.5+0.6 pm%.s!, for lipid bilayers containing 0.001 mol%, 0.03 mol%, 0.3 mol% and 3 mol%
of bR respectively. These values confirm lipid bilayer formation and indicate the insertion of the
protein to the lipid membranes. The progressive decrease in lipid diffusion with increasing bR
content is consistent with behavior noted for bR at liposome models and attributed to the impact
of increasing protein/lipid ratio on membrane viscosity.*’ For the MSLB reconstituted bR-
ATTO532 (Figure 4c), a diffusion coefficient of 4.2 + 0.3 pm?.s' was measured for the lowest bR
concentration (0.01 mol%) explored. The reduced diffusion coefficient of bR compared to lipid is
consistent with large radius of this protein which as described is a 7-pass transmembrane protein
spanning both lipid leaflets of the membrane. Translational diffusion of proteins in biological
membranes has been described by the Saffman-Delbriick (SD)relation, a hydrodynamic model that
treats the bilayer as a 2 dimensional, viscous continuum interfaced with an infinite volume of fluid
through which a solid cylindrical shape (representing the protein) diffuses (Equation 3).*%% The
model suffers a number of limitations both when dimensions and density of protein exceed certain
limits and in models that show reduced fluidity like SLBs, but was used here as our platform offers
close to a continuous planar membrane decoupled from the surface.’® Using the SD model we
estimated the hydrodynamic radius of bR within the DOPC MLSB of 4 nm for 0.01mol% and 4.7
nm to 0.03mol%* and our measured diffusion coefficient agrees well with those determined in

freestanding membranes of pore-spanning membranes, GUVs and BLMs.>! >3
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D==" (in(52) ) (Eq. 3)
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The diffusion coefficient of bR was observed to decrease with increasing bR concentration in the
membrane (Figure 4d). This correlated with reduced labelled DOPE diffusion with increasing
protein concentration described above (Table 1). It is notable that the anomalous co-efficient, a
remained approximately 1 across all protein concentration, indicating, that the effect is from
viscosity changes rather than for example, protein aggregation. In conclusion, our results clearly
demonstrate that bR reconstitutes properly into the MSLB and that the membrane components of
MSLBs show high lateral mobility in the freestanding microspore array, an important requisite to

guarantee protein mobility and function.

Table 3. Diffusion co-efficient of labelled bR-ATTOS532 (Dwr) and DOPE-ATTO655 (Dpope) introduced
in the lipid bilayer comprised of DOPC using LB lipid transfer followed by proteoliposome fusion. The
concentration of bR was varied during proteoliposomes preparation. The a co-efficient was determined as

approximately 1.0 for all measurements.

bR concentration (mol %) Dyor (um?/s) Dpore (um?/s)
0.01 42+0.3 9.8+0.5
0.03 34+0.6 8.4+0.6
0.3 1.2+04 65+04
3 1.0+£0.5 55+£0.6

4.4.2. Photo-activation of bR incorporated to DOPC lipid bilayers and time resolution of
light-induced current

To determine that protein functionality is intact and to characterize light induced proton flow, bR

reconstituted bilayers spanned over gold microcavity arrays were evaluated under dynamic light

activation by chronoamperometry. For chronoamperometric measurements, the 3-electrode
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system, illustrated in Figure 2, was placed in a closed Faraday cage and the electrochemical cell
was allowed to equilibrate for 300 s in the dark before photoactivation of bR. Then, the current in
the electrochemical cell was measured for 60 s to obtain a dark current of approximately 0.1
nA/cm? prior to irradiating the sample with an LED light 2mW, Aem 555nm) for approximately 10
s. The dark current was subtracted from the generated photocurrent measured for the bR-MSLBs.
The photocurrent was related to the area of substrate covered by the lipid bilayer, which was
approximately 1 cm?. Therefore, the current per cm? was calculated similarly to previously
reported by porous substates.?® Figure 5b shows a characteristic photocurrent response from the
bR-MSLBs. On light switch on, an anodic photocurrent evolves to a peak current maximum of
approximately 240 nA/cm? that then decays to a steady state current of 0.1 nA/cm?. Under
illumination, bR retinal isomerizes with a high quantum yield, from the all-trans confomer to the
13-cis isomer initiating the proton transport process, the entire cycle takes roughly 15 ms, leading
to proton transfer from the distal to proximal side of the bilayer. Given the cycle time, bR is
expected to undergo multiple cycles of photoexcitation during an illumination which lasts
approximately 10 s. Therefore, the regeneration of bR reaches saturation where proton release and
uptake reaches an equilibrium. When the light is switched OFF, the concentration of excited state

rapidly diminishes as proton reuptake takes place.?

Under continuous illumination, the decay of the peak current can be attributed to accumulation of
the M intermediate and saturation of proton transport. In switching off the light a cathodic current
evolves with a maximum of density of -125 nA/cm? which also decays to baseline. The decay data

were analyzed by fitting each peak current (ON/OFF) to a biexponential function I(t) = I +

1 faste_(t/ i ast) +1 Slowe_(t/ Tstow) (Eq. 4), where I represents the base line of the photocurrent at
steady state, Ifst/Isiow indicate the amplitude of the intermediate decay, t the duration of the decay
and t the decay constant of current signal The data for the kinetic decay of the photocurrent peaks
obtained after fitting to Eq. 4 are displayed in Table S2 and the fitted decays are shown in Figure
S6. For the photoactivation process, the fast component of the decay is below the limit of the
resolution of the measurement but both components of the decay, within experimental error
showed, no dependence on protein concentration and the photocurrent amplitude of Ifas
corresponds to approximately 85% to 90% of the photocurrent signal. This independence is

anticipated, as the decay time is expected to depend on the incident light intensity and is a
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convolution of kinetic response from the proton pump and the electrical circuit so is specific to the

system.

To confirm that the current signal is coming from the bR proton pump, control experiments were
carried out under analogous conditions to confirm that, by comparison, negligible photovoltaic
current is observed on irradiation of the bilayer/electrode in absence of the protein (Figure S6b).
Contributions from conductive artifacts were excluded by evaluation of the electrochemical photo-
activation apparatus, such as changing the position of the light source while monitoring the current,
we did not observe any other contributions to the photoelectrical signal. The photoelectric signal
observed after photo activation of bR-MSLBs is attributed to proton displacement from the bulk
solution across the lipid bilayer toward the interior of the microcavities (Figure 5a), and is similar
the bR photocurrent previously reported in supported structures.?*>** The stationary light-induced
electric current observed (Figure 5b) is likely capacitive current from the underlying gold array
and indicates non-random orientation of bR at the membrane.*® Crucially, the observation of the
characteristic transient photocurrent confirms that bR retains its functionality when integrated into
the MSBLs and the observation of two transient peaks suggests in each case vectorial proton
transport is occurring. The observed photocurrent and low leakage current, (0.1 nA cm™) also
indicates that the MSLB membrane is intact and proton impermeable.'!"** This is confirmed further

below, in experiments where pH of the contacting solution at the distal leaflet is changed.

It is notable, in the dynamic photocurrent response, Figure Sc that the difference in peak magnitude
of the light on versus light off currents is approximately 1.8. Notably, the photocurrents,
normalized to electrode area, observed are comparable or indeed significantly higher than related
reported systems, particularly given the light intensity in our experiments is low, compared to other
reports. For instance, at optimal conditions and using high power systems (250 Watts), Horn et a/
obtained a photocurrent of 250 nA/cm?, Guo et al obtained 350 nA/cm? and Lu et al obtained and
120 nA/cm?.23-738 This we tentatively attributed to the fact that in the present system the bR is
reconstituted into a single bilayer rather than a layer by layer assembly so bR light activation
directly pumps the proton across the membrane between bulk and cavity solution, with no

intervening structures such as additional bilayer or multilayer impeding the proton transport.
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Figure 5. Representative photocurrents recorded from bR-MSLBs. (a) Schematic representation of photo-
cycle mechanism of bR at MSLBs: I. represents the ground state of bR without presence of light, II.
indicates the photo-switch of bR in presence of light, represented by its excited state and the subsequent
proton release, and III. the return of bR to the ground state when light is switched off. (b) typical
photocurrent decay of bR-MSLBs comprised of DOPC/bR (3 mol%) (KC1 0.1M, pH 5.6) (1.) before photo-
activation, (II.) photoelectrical response of proton release and (III.) proton uptake. (c) photo-electrical
response of proton release generated with different bR concentrations (KC1 0.1M, pH 5.6). (d) shows the

photocurrent of bR-MSLBs indicating a logarithm dependence of i versus bR concentration,

The magnitude of the photocurrent is influenced by the concentration of bR in the proteoliposomes
used to prepare the MSLB. As shown by the overlay of the photocurrent response from four
MSLBs prepared from liposomes with different protein concentration (Table 2, Figure 5c¢), a
logarithmic correlation is observed with concentration of protein (log [bR]), Figure 5d. The
quantitative relationship between current and bR concentration in the fusion proteoliposomes
result speaks to the robustness of the reconstitution method, indicating complete transfer of

reconstituted protein to the bilayer and retention of is electro/photoactivity within the bilayer. As
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noted, for DOPC only (bare MSLB) the photovoltaic response contributes less than 2%
contribution to the photocurrent generated by bR (Figure S6b).

Table 2. Photocurrent activity of bacteriorhodopsin incorporated at gold-MSLBs activated with 2mW LED
(555nm) in KCI (0.1M, pH 5.5).

bR concentration (mol %) irelease (NA/cm?) iuptake (NA/cm?)
0.01 18.6+5.4 -10.1£3.7
0.03 52.7+9.2 -32.1£1.6
0.3 1374 £ 16.4 -86.9+6.5

3 253.5+32.3 -129.5+16.8

4.4.3. Photoelectronic response of bR-MSLBs to asymmetric pH
The bacteriorhodopsin proton pump cycles cycle is initiated by photoisomerization of all-trans to
13-cis retinol caged at the center of the bR within the membrane.’*®® This photoinduced
conformational change initiates a photocycle that through a series of spectroscopically
distinguishable intermediates, that lead to proton release at the extracellular side of the membrane
between the L and M steps of the cycle that is then followed by the re-protonation of the Schiffs
base that is preceded by a step whereby water is inserted temporarily into the proton channel and

6163 This process requires significant

protonates through a proton chain mechanism.
conformation/structural changes to the channel helices. The pH of the contacting solution can not
only alter the proton concentration in the bulk solution but also influences the proton release of
bR. For instance, several studies have shown that the rate of deprotonation of bR decreases with

decreasing pH.%4 ¢

To investigate the proton switching of bacteriorhodopsin at MSLBs as a function of pH the
photoelectrical response of bR was analyzed whereby, the pH of contacting electrolyte solution in
the electrochemical cell was modified by addition of HCI (1 mM) or NaOH (1 mM) over the range
of 3.5 — 9.5 (Figure 6a). Note that in these experiments, the solution in the microcavity, at the
proximal membrane interface is pH 7.4 and it is only the pH of the contacting solution at the distal
leaflet that is changed. Following pH adjustment, the samples were allowed to equilibrate at each

new pH for 300 s in the dark before exposure to light before the photo-activity of bR was recorded
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as before. We and others have reported previously that a pH gradient can be sustained at artificial
bilayers®’ for windows of about an hour and here, the samples here were analyzed within 300 s to
ensure the gradient is sustained within the experimental window.%” As expected, the photo-activity
of bR in DOPC MSLBs is strongly influenced by the pH of the contacting solution. The lowest
photocurrent was observed at basic pH (> 8.5) and maximum photocurrent was recorded at pH 5.5
which actually decreased at more acidic pHs (< 5.5) as shown in Figure 6b. This pattern is similar
to previous reports for supported lipid bilayers systems.>***%° However, the maximal photocurrent
here is observed at an order of magnitude more acidic environment than pH (pH =5.5) previously
reported (pH=6.5).>° We can relate this effect to the pH gradient that is maintained using the
MSLBs and .*® it also confirms, consistent with the low dark current described, the excellent
insulating properties of MSLBs indicating their suitability for such artificial proton pump

devices.”

To understand if pH alters the kinetics of the electrodic response for the photoactivated and dark
initiated states the current decays post light and dark steps were fit to exponential decay curves
represented by equation 4 (Figure S7). The results are shown in Table S3. The data fit best to
biexponential decays for the photoactivated process and as before, the fast decay, is at the limit of
resolution of our measurement so showed no pH dependence. However, the slow step, although
only contributing 2% of current amplitude, did show a pH dependence, consistent with

photoelectric behavior of bR expressed on cells.”!
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Figure 6. Photocurrent obtained after activation of bacteriorhodopsin at different bulk pHs. (a) Illustrates

the photocurrent obtained for bR-MSLBs comprised of DOPC and doped with bR (3 mol%). (b) show the
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photo-activity of bR-MSLBs at different bR concentrations. The solid lines are guides for the eye. These

measurements were taken at 20 + 2 °C.

4.4.4. Photo-current of bR-MSLBs response of transient light activation
Photo-switch devices that operate under flickering light conditions are important in the
development of artificial biocomponents, such biotransistors, biocapacitorsors and biomimetic
artificial retina.'®7>7* The quasi-stationary photocurrent generated by bR-MSBLs under
transient light activation illustrates an important characteristic of the molecular switch in MSLBs.
Given the high photocurrent signals under relatively low light intensity we were interested to
evaluate the photo-activity of bR-MSLBs under oscillating light activation, the devices were
exposed to a flickering light (1 Hz — 20 Hz) and the photocurrent obtained as displayed in Figure
7.1 Here, a pulse of light represents the complete circle of light activation/deactivation (ON/OFF),
for instance 1 Hz (1 pulse per sec) represents light ON for 0.5 s, followed by light OFF for 0.5 s,
2 Hz represents 0.25 s of light ON followed by 0.25 s of light OFF and so on for the other
frequencies. The photo activity of bR incorporated to DOPC MSLB (0.3 mol%) increases with for
frequency 2 Hz and 4 Hz, when compared to 1 Hz. This is possibly due to a synergic effect, as for
1 Hz the full photo-circle takes approximately 1 s (Figure 7.2a), it is possible to that for 2Hz bR
excitation is enhanced, indicating that the concentration of excited bR 1is further increased, with
similar period of the synodical photocurrent approximately 0.25ms (Figure 7.2b). As for 4 Hz, first
cycle is not completed, forming a hybrid pattern combining a high amplitude of 200nA/cm?2 with
a low amplitude with approx. 82 nA/cm2 (Figure7.2¢). The period of the synodical photocurrent
was 0.12ms. At 8 Hz (Figure 7.2d) the wave period of photocurrent increased by a factor of 2 when
compared to 1 Hz indicating that the lifetime of excited bR was increased, therefore the steady-
state was prolonged. At long time scales, the photocurrent showed a synodical wave pattern with
period of 3.3 s and Amax of 150 nA/cm? and Amin of 126 nA/cm? (Figure 7.1). At 16 Hz (Figure
7.2e), the photocurrent showed multiple amplitudes, with period of 2.1 s, Amax of 92 nA/cm? and
Amin 0of 48 nA/cm2. At 18 Hz (Figure 7.2f) the period of the synoidal photocurrent was 2.5 s with
Amax of 95 nA/cm? and Amin of 89 nA/cm?. At 20 Hz (Figure 7.2g), the photocurrent showed two
distinct phases, an initial peak of approx. 90 nA/cm? followed by a decrease until a steady-state.

In this case, the steady state was at 50 nA/cm?. This indicates that the proton pump has reached
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and equilibrium, similar to what was to observed in Figure 5b. However, the photocurrent does

not decay to base line, indicating that the flux of protons may reach a steady-state of 50 nA/cm?.

Photocurrent maximizes at 4 Hz and by 8 Hz photocurrent is observed to decreases as, kinetically,
the photo-cycle of bR is not completed at the arrival of photons, similarly to previous reports.5®
However, it is important to note that the device reported by Lu et al is formed by a thick
multilayered bR structure, whereas here, bR is reconstituted into a single biomimetic lipid bilayer.
The photocurrent continues to decrease with increasing frequencies until 20 Hz. The current
dependence across the range of light activation frequencies shows a pattern observed for a photo-
biocapacitor as the current decreases with light alternation state (ON to OFF). Here, the bR-
MSLBs system is demonstrated to convert flickering light impulses below 20 Hz into
distinguishable patterns of photocurrent, and a stationary photocurrent was observed at 20 Hz
indicating that bR is continuously active. By controlling the incident light flicker frequency in this
way we have the opportunity to fast switch between amplitude and period could be used to create
a pH gradient across MSLBs.” As previously discussed, this proton gradient observed for the bR
containing bilayer is only present momentarily. In order to maintain the proton gradient across the

bilayer, fast flicker rates can be instigated.
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Figure 7. Photocurrent of bR-MSLB generated on application of a flickering light source. 1) The
electrochemical current increases at 2 and 4 Hz but decreases for higher frequencies. At 20 Hz a stationary
photocurrent was observed. 2) Individual i-t curves for photo-activation at different frequencies (a) 1 Hz,

(b) 2 Hz, (¢) 4 Hz, (d) 8 Hz, (e) 16 Hz, (f) 18 Hz and (g) 20 Hz. The bar over the graphs represent the
state of activation light (on, black; off, white).
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4.5. Conclusions
A new approach to a switchable photoelectric device is described based photo activated light
driven proton transfer across bacteriorhodopsin reconstituted into a microcavity supported lipid
bilayer. Exploiting an MSLB enables reconstitution of native biological switches into a strongly
biomimetic and fluidic environment, with interfacial addressability without the need for laborious
preparation of mutants and the associated changes that may occur to function. A reliable method
for reconstituting this seven pass protiein into the MSLB is described exploiting Langmuir
Blodgett monolayer over pore assembly followed by proteoliposome fusion. FLCS of labelled bR,
following proteoliposome fusion indicate that the protein was successfully incorporated to MSLBs
where it was found to diffuse retain a high degree of lateral fluidity within the device, with
diffusion coefficient of 4.2 £ 0.3 pm?.s" for reconstituted bR-ATTO532 at 0.01 mol% (in the
protoeoliposome preparation) at membranes that exhibited a lipid label diffusion coefficient of 9.8
+ 0.5 um?s’!. The diffusion coefficient of both membrane and bR decreased linearly with bR
concentration, attributed to viscosity changes to the membrane indicating faithful reconstitution of

different concentrations of bR into the MSLB using the reported reconstitution method.

The photo-electrical properties of bR-MSLBs were evaluated by studying the photocurrent signal
generated by bR under temporal and transient light illumination and bR concentration, pH and
light flicker frequency were all found to influence the photocurrent generated. Overall, large
photocurrents were observed considering this is a single bilayer device and the signal scaled with
bR concentration. In addition, the chronoamperometry assays demonstrated a direct relationship
between the protein concertation and the electrical current response. The approach offers a robust
and addressable platform that should facilitate further spectroscopic study of the mechanism and
dynamics of bR proton transport at a lipid membrane, but more broadly, as bR is a 7 pass its
reliable reconstitution into MSLBs suggests comparable proteins of pharmaceutical interest
including G-protein-coupled seven-helix receptors and offer a new approach to building molecular
switches with broad prospects for components and for applications. In terms of device application,
the cavity array offers the opportunity of introcucing pH gradients and bR photoactivity, and the
opportunity to model photoactivated drug-delivery or artificial endosomal capture and for the

study of self-repairing optical switches. The fluidity and addressability of the substrate can also
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in future offer the prospect of building complex membrane switches where initiation of

aggregation processes requiring lateral fluidity are enabled.

4.6. Supporting Information

Supporting information can be found in the appendix C.
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5.1. Abstract
Over the past decades, the difficulties in precisely engineering the release mechanism of large
therapeutic molecules from their nanocarrier have been the major bottleneck of intracellular
delivery. With the dearth of detailed insights into such a mechanism and the lack technique to
probe the release process in-vitro, the development of an efficient delivery vector remains elusive.
To facilitate a rational design approach, a platform with the potential to screen the release
mechanism of a huge array of vectors in parallel is highly desirable. The proof-of-concept study
presented here, aims to achieve exactly that by demonstrating a nano-photonic biophysical
endosome model as an assay to study cargo escape from nanocarrier following fusion with
endosomal membrane. More importantly, through the combined use of plasmonic hot-spots and
fluorescence lifetime correlation spectroscopy (FLCS), our model enabled identification of an
intermediate endosomal-escape mechanism facilitated by positively-charged oligonucleotide-
binding membrane domain that dictates the rate of oligonucleotide release. This work reveals a
hitherto unreported release mechanism as a complex multi-step interplay between the
oligonucleotide cargo and the target membrane, rather than solely on lipid-mixing at the fusing
site as previously proposed, substantiating the observations that lipid-mixing is unnecessarily
correlated with the rate of cargo release. This presents a new paradigm for assessment of vector
delivery at model membranes using a plasmonic well to mark molecular permeation across a
micropores suspended lipid bilayer that promises to have wide application within the drug delivery

design application space.

5.2. Introduction
Delivery vectors hold tremendous potential as a platform for conveying treatment for a broad range
of diseases, particularly where targeting is inhibited by challenging membrane barriers or where
the therapeutic cargo is toxic or fragile. However, the inability to precisely engineer the release
mechanism of cargo from the abyss of endosomal trap has limited its escape rate to at most about
1%.! This is especially true for large therapeutic molecules (LTMs), particularly biologics and
gene-based drugs, which currently account for up to 40% of drugs under development. Aside from

23 or treatments for

realising novel treatment possibilities such as vaccination against cancer,
orphan diseases,*and recently, the potential use of gene-editing tool for treating viral infections.™

6 an in-depth understanding of the mechanism of intracellular delivery is also key from a safety
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and regulatory standpoint, as outlined in the European Medicines Agency guidelines on gene
therapy products.” While In-vitro and in-vivo assays have traditionally been the methods of choices
in vector design, these techniques are typically laborious and expensive,® and so inefficient for
iterative design approaches in such highly complex problems as vector design. Another concern
for cell transfection assays is their reliance on ‘down-stream signals’, i.e. gene-expression, for
assessment of delivery. Such an approach is indirect and interpretation can be confounded by a
plethora of factors including the physiological state, cell-lines and antibiotics used,” thus obscuring
crucial intracellular events, such as the rate-limiting endosomal escape (EE)." '°Another crucial
obstacle to understanding EE is the dearth of studies regarding the exact mechanism of
oligonucleotide-cargo release (OCR) from an endosome.!!'In the case of cationic lipoplex, although
fusion with the endosomal membrane is understood to be a pre-requisite for transfection, the extent
of lipid-mixing was sometime found to not correlate with OCR rate.'* 13- As such, the capability

to probe CR is highly desirable in any vector development.

Biophysical membrane models comprised of artificially-prepared phospholipid-bilayers could
serve as a surrogate for endosome. The benefits of such membrane models are manifold, including
in modularity, customizability, conduciveness to short-range probing such as atomic-force
mapping and plasmonically enhanced spectroscopy. For instance, correlations were found between
the interaction of poly(amidoamine) (PAMAM) dendrimer with supported 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) lipid bilayers and cell-based experiments in terms of cellular
internalization mechanism.'’In light of cell-penetrating peptide’s role in EE, De Shayes, et al.
investigated the effect of the conformational-state of a peptide on its interactions with membrane
using supported lipid bilayers (SLBs).!® However, assays based on SLBs are insensitive to OCR
due to space constraints imposed by the underlying support. It should be stressed that, in contrast
to previous assumptions, and also as will be shown in this report, the occurrence of liposome-
membrane fusion is by no means an indicator of OCR,!"i.e. in instances where cargo may remain
bound to the membrane following fusion. Recently, Diao, J. et al., devised a content-mixing assay
through which hybridization of complementing DNA contents in two fusing SNARE-decorated
sub-micron vesicles can be detected via Fluorescence Resonance Energy Transfer (FRET).!®While

the objective of Diao, J. et al. study was not intended to elucidate OCR, this particular approach
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would may be inappropriate for OCR study, since the detection of content-mixing does not

necessarily correlate with oligonucleotide dissociation from the vesicles membrane.

To address the challenge of assaying for OCR, a proof-of-concept demonstration of a platform that
combines high-throughput screening (HTS) potentiality with direct OCR detection capability is
reported. Specifically, a microcavity suspended membrane model (MSLB) is used to study the
delivery and release of oligonucleotide-cargo from lipoplexes. MSLB was chosen for a number of
attractive features: firstly, the underlying pore support eliminates space constraints seen in models
like SLBs, rendering MSLB useful for observing OCR; secondly, MSLB is amenable to
microfluidic adaptation, providing an attractive route to realising an affordable HTS platform in
the future.!”Previous pore-supported lipid bilayer assays, have focussed on nanodimensioned
apertures and so have been confined to small-molecule studies due to the restricted area of the
suspended-membrane.!® 2° For instance, lipid bilayer supported over cylindrical nano-pores as
described by Urban M., et. al. are limited to interrogation of species less than about 80nm
diameter(i.e. the size of the pores),'® which is smaller than a typical delivery vector (@ ~ 100nm —
300nm). A key problem arises from the fact that pore-supported SLBs formed at cylindrical pores
can become highly unstable with larger pore-diameters. Recently, Keyes, et al. circumvented this
issue by suspended lipid bilayer over semi-spherical Au and PDMS voids that are buffer filled.?!
The high MSLB stability attained, which last for up to 21hrs on gold and for many days on PDMS
was attributed to the rounded edge along the rim of the supporting voids and the hydrophillicty of
the interface, which can be selectively surface modified to promote hydrophobic character and
aqueous filling also plays a key role. Pore-SLs formed over large voids with diameters up to Spm
have been prepared with this particular method,*” and with micron dimensioned pore supports, the
pore starts to approach the dimensions of a cell, making the models amenable to study by
microscopy enabling in OCR study methods, such as fluorescence correlation spectroscopic (FCS)
for interrogation of vector-interaction at the suspended membrane. More importantly, in the
present context in metallic pore supports the opportunistic exploitation of the plasmonic hot-spots
at the bottom of the semi-spherical Au void can allow for Surface Enhanced (Resonance) Raman
Scattering (SE(R)RS) based arrival-time monitoring of the released oligonucleotide-cargo from
the membrane suspended on the void. Here, such a setup is detailed and new insights into the

effects of lipoplex compositions on OCR revealed.
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5.3. Methods

5.3.1. Materials
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), porcine brain N-(octadecanoyl)-sphing-4-
enine-1-phosphocholine(SM), cholesterol, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS),
1,2-dioleoyl-3-trimethylammonium-propane ~ (DOTAP), and  1,2-dioleoyl-sn-glycero-3-
phosphoethanolaminewere purchased with a maximum degree of purity (>99%) from Avanti Polar
Lipids (Alabaster, Alabama) and used without further purification. 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine-labeled Atto532 (Atto532-DOPE) was purchased from ATTO-TEC
(Siegen, Germany). {hosphate-buffered saline (PBS)tablets were purchased from Sigma-Aldrich
(Wicklow, Ireland). Aqueous solutions were prepared using Milli-Q water (Millipore,Bedford,
MA). Polydimethylsiloxane silicon (PDMS) elastomer was purchased from Dow Corning
(Wiesbaden, Germany) and mixed following the supplier’s instructions. Silicon wafers coated with
a 100nm layer of gold on a 50 A layer of titanium were obtained from AMS Biotechnology. The
monodisperse polystyrene latex spheres with a diameter of 750nm, and 4.6um were obtained from
Bangs Laboratories. The commercial cyanide-free gold-plating solution (TG-25 RTU) was
obtained from Technic. Pur-A-Lyzer Dialysis kit (MWCO 3.5KDa) was purchased from Sigma-

Aldrich and used as per instruction.

5.3.2. Fabrication and functionalization of SERS substrates.
Large hexagonally-packed Au cavity arrays were prepared by the method of templated Au
deposition. Briefly, a flat Au-coated Si chip was first cleaned with THF followed by a 10min
plasma-treatment (1000mTorr), before a uniform nano-sphere template as large as 6mm (Q) was
deposited via convection-assisted self-assembly of 750nm polystyrene spheres as described
elsewhere. Au is then electrochemically deposited through the template at a bias-voltage of -0.46V
for 6.6min. The as prepared sample was then soaked in THF for 3min to remove the nano-sphere
template. The Au-cavity array imprint was then cleaned by applying 20 votlammetric oxidation
reduction cycles in 0.05mM H2SOs to remove any surface residues. The cleaned substrate was

then placed in 10mM Cysteamine solution(in H>O) for 18hours before rinsing profusely with
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water, and kept in dried condition until use. Schematics depicting the process can be found in

supplementary document.

5.3.3. Preparation of lipoplex
Chloroform solution of lipids with a total volume of 40ul was dried under a steady flow of nitrogen
followed by the removal of solvent under high vacuum for 30mins. When preparing for DOTAP
lipoplex, 40ul of ImMMDOTAP was used, while for DOTAP/DOPE lipoplex, about equal amount
of DOTAP and DOPE, each at ImM concentration, was used. For labelled DOTAP and DOTAP-
DOPE lipoplexes, about 1ul of Atto532 (10png/ml) was added to the lipid solution prior to drying.
Lipids were then rehydrated with 1ml PBS (filtered with 0.2um pore-size membrane) containing
0.26uM Cy5-labeled ssDNA. This mixture was then thoroughly mixed for 2min with a vortex
mixer. To ensure the ssDNA adequately complexes with the cationic lipids, the samples were
further agitated using a rotating mixer for 30min. Finally, the suspensions were extruded through
a 100nm-pore size polycarbonate filter 13 times followed by 3hr-dialylsis to remove unbound
ssDNA using the pur-A-lyzerkit. Size distributions and zeta-potentials of the lipoplexes were
determined by DLS on a Zeta-Sizer 5000, Malvern Instruments. All extruded samples were kept

at 4°C and were stable up to at least 5 days.

5.3.4. Microcavity Supported Lipid Bilayer Preparation
Pore suspending lipid bilayers were spanned across buffer filled micro-cavity arrays using
Langmuir-Blodgett (LB) transfer. Briefly, an LB trough (NIMA 102D) was filled with MiliQ water
(18.2 MQ.cm™) and approximately 50 uL of lipid mixture containing DOPC (52 mol%), SM (7
mol%), DOPS (8 mol%) and cholesterol (33mol %) (1 mg/mL in chloroform) were deposited onto
the air-water interface until surface pressure of >1 mN/m was obtained. For FLCS studies, labelled
DOPE-ATTOS532 was add to the lipid mixture at 0.01 mol % and transferred to the distal lipid
leaflet only. Gold or PDMS micro-cavity were immersed into the LB trough until all of the cavities
were submerged completely into the subphase. The chloroform was allowed to evaporate and the
resulting lipid monolayer at the air water interface was compressed four times to a surface pressure
of 36 mN/m each time. The micro-cavity array was withdrawn from the trough at a rate of 5 mm/s

whilst the surface pressure of the lipids was retained at 36mN/m to ensure adequate transfer of
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lipid monolayer. To assemble upper leaflet of the bilayer, the substrates were submerged into the

trough at a rate of 5 mm/s.

5.3.5. Preparing PDMS chamber

Prior to lipoplex fusion, PDMS thin chamber was sealed to a cover glass with rapid adhesive glue
(Araldite). The microfluidic device was formed after insertion of two silicon tubes to the sealed
chamber containing microcavity array by punching two holes through the PDMS into cavity
chamber (see SI). Care was taken to ensure that at no stage during the preparation or measurements
the bilayer was exposed to air. In this work, the proximal leaflet refers to the LB deposited lipid
leaflet next to the substrate and the distal leaflet is the outer lipid layer facing toward the bulk
solution. The integrity of lipid bilayers were acceded by FLCS.

5.3.6. Electrochemical Impedance Spectroscopy (EIS) measurements
Electrochemical impedance measurements were performed with a CHI 760Bbipotentiostat (CH
Instruments, Austin, TX) in a three-electrode cell configuration. This comprises of a Ag/AgCl (1
M KCI) reference electrode, a platinum coiled wire as a counter electrode, and the gold substrate
with a microcavity array as the working electrode. 1 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1
mol/mol) dissolved in PBS containing additional 0.1 M KCl as the supporting electrolyte was used
as a redox probe. The EIS were recorded in the frequency region between0.02 Hz to 10*Hz with a
bias potential of 0.26 V vs Ag/AgCl. All samples were left to equalize in the buffer for at least

Smin before commencing measurements.

5.3.7. SE(R)RS and SERS measurements
All Raman measurements were done with HORIBA spectrometric system with an Olympus 50X
0.55NA objective lens. A 633nm laser line (4.5uW) was used for arrival-time measurement of the
CyS5-labelled ssDNA delivered across the lipid membrane. This particular excitation wavelength
was chosen as it was closer to the surface-plasmon resonance of the 750nm Au cavity-array. The
membrane-bearing cavity-array was always kept at a fixed distance of about 300um from the
cover-glass with a PVA-spacer. Prior to the introduction of the lipoplex solution, Raman spectra
were obtained of the membrane-bearing array. Time-series SE(R)RS measurement commenced

within 1min upon application of lipoplex with 30min interval for a period of 2hr. All experiments
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were carried out immediately after LB-LB membrane deposition. ‘Leak-test” was also performed
on membrane-bearing arrays with membrane-impermeable probe, DRAQ7, to verify absence of
any leaky defects in the membrane. ‘Leak-test” were performed after each delivery study to ensure
membrane integrity remained uncompromised throughout the experiment. All leak-tests were
carried out at 785nm laser (SuW). All obtained spectra were de-noised with a 3-point moving-

points averaging.

5.3.8. Fluorescence Lifetime Correlation Spectroscopy (FLCS) and Fluorescence
Lifetime Cross-Correlation Spectroscopy (FLCCS)

Single point FLCS and FLCCS were primarily used to characterize the DNA incorporation to
lipoplexes comprised of DOTAP and DOTAP/DOPE (1:1 mol:mol). Then, to assess both the
diffusion of lipid marker and DNA prior and after delivery of DNA, the lateral diffusion of DNA-
Cy5 and DOPE-ATTO532 was measured by FLCS. Fluorescence measurements were performed
on a MicroTime 200 lifetime (PicoQuant GmbH, Berlin, Germany) using a water immersion
objective (NA 1.2 UPlanSApo 60 x 1.2 CC1.48, Olympus). The detection unit comprises of two
single photon avalanche diode (SPAD) from PicoQuant. Labeled lipid marker DOPE-
ATTOS532was excited with 532 nm PicoTA laser from Toptica (PicoQuant). Labelled DNA-Cy5
was excited with 640 nm LDH-P-C-640B (PicoQuant). To exclude scattered or reflected laser
light, emitted fluorescence was collected through an HG670lp AHF/Chroma or HQ5501p
AHF/Chroma band pass filter for 640 or 532 nm lasers, respectively. A 50 um pinhole was used
to eliminate photons from outside the confocal volume. Before FCLS measurement, backscattered
images of the substrate were taken using an OD3 density filter to ensure the optimal positioning
of the focus to the centre of the microcavity. Then, the bilayer position was determined by z-
scanning until the point of maximal fluorescence intensity of DOPE-ATTO532 was found. At this
point, the fluctuating fluorescence intensity of labeled lipid marker or DNA-Cy5 were measured
for 30 to 60 seconds per cavity, and replicate data from 20 to 30 cavities were measured per sample.
To assess simultaneously the diffusion time (ms) and the fluorescence lifetime (ns) the emitted
photons were analyzed by a time-correlated single photon counting system (TCSPC) (PicoHarp
300 from Picoquant). The fluorescence fluctuations obtained are then correlated with a normalized

autocorrelation function (Equation 1):
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_(OF(¢).6F(t + 1)) (Eq.1)
C@=""F0y

The auto-correlation curves obtained from the fluorescence fluctuations of DOPE-ATTO532 were
fitted to a 2-D model (Equation xx) using the software SymphoTime (SPT64) version 2.2
(PicoQuant).

6@ =51+ (%)]1 (Eq.2)

DNA-Cy5 autocorrelation data were fitted using 2-D/3-D diffusion model for two diffusing

moieties by adding a second component to equation 2, (Equation 3).
1 NG T \2]™ (Eq.3)
G(T)=—[1+(—) l [1+(—) l
N T2p T3p

Here, p represents the amplitude at G(t) and is defined as the inverse of number of molecules (1/N)
and o is the anomalous parameter; Topand T2p are the diffusion time of the DNA molecules in the
lipid membrane and in solution, respectively. The diffusion coefficient is related to the correlation
time tp by the relation D = ®?/4tp, where o is the 1/e* radius of the confocal volume i.e. the waist
of the exciting laser beam. ® was measured for each excitation using a reference solution of free

dye for which the diffusion coefficient is known. The ® was determined by calibration using
reference dyes; ATTO-655 (Atto TEC, GmbH) for 640nm laser and Rhodamine 6G for 532 nm

laser at 20°C in water. Detailed description of the experimental set up is shown below.
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Scheme 1. Schematic representation of DNA delivery to MSLBs. 1) lipoplex is exposed to buffer
filled micro cavity arrays; ii) lipoplex fusion against the lipid bilayer; iii) DNA is delivered and

encapsulated inside the microcavities.

5.4.Results

5.4.1. Suspended lipid-bilayers over hemi-spherical Au cavities
Au substrates consisting of uniform, hexagonally-packed Au hemispherical pores with 750nm
apertures were used for all surface enhanced Raman experiments. This size was selected as their
plasmon-resonance peak match well to the excitation lines used in the experiment (633nm and
785nm). To maximize detection sensitivity of Cy5-ssDNA, the substrate surface was rendered
positively charged by Cysteamine-(Cyst)-functionalization (due to the amino group at pH 7.4) so
as to promote binding the anionic oligonucleotide (the model cargo here) to the surface where the
plasmonic fields were strongest.?’Electrochemical impedance spectroscopic (EIS) measurements
were performed to confirm the presence of Cyst—monolayer using a three electrode cell, with the
cavity array serving as working electrode. Figurela shows representative Nyquist plot obtained in
PBS (pH 7.4) containing 1mMKG;[Fe(CN)s]/Ka[Fe(CN)s)] (1:1 mol/mol) as a redox probe
containing 0.1 M KCl as supporting electrolyte for bare Au-cavities (i.e. without Cyst), and Cyst-
treated ones. The observed decrease of Rc in Cyst-Au is a reported characteristic of the

electrochemistry of the Cyst -monolayer, attributed to electrostatic interaction between the Cyst-
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monolayer and the negatively charged redox-probe. It is thus helpful in confirming association and
that the film can interact electrostatically with reagent.?* Figure 1b shows the SE(R)RS spectra of
the Cy5-tag, demonstrating the enhanced detection sensitivity for Cy5-ssDNA with a Cyst-treated

substrate.

It should be noted that, aside from promoting Cy5-ssDNA binding, the Cyst-monolayer also serves
to improve the hydrophilicity of the Au substrate, and thus support the stability of the suspended
lipid bilayer. The lipid membrane composition used throughout this study comprised ofl,2-
Dioleoyl-sn-glycero-3-phosphocholine(DOPC, 51.7 mol%),cholesterol (33.3 mol%), 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS, 8.3 mol%) and porcine brain N-(octadecanoyl)-
sphing-4-enine-1-phosphocholine (SM, 6.7 mol%), selected in order to model a typical
mammalian plasma membrane.?®> The bilayer was deposited via Langmuir-blodgett (LB) transfer
onto the cavity array, followed by EIS measurements carried out at 15min and 3hrs time-points.
As can be seen from the Figure 1c, the R remained stable at ~90K€Q lasting over well beyond the
2 hour window that is the typical length of the gene-delivery experiments studied here. The large
resistance value observed here, which contrasts strongly with the Cysteamine modified array is
attributed to the low charge-transfer efficiency caused by electrostatic repulsion between
Fe(CN)s]* 7 and the negatively-charged membrane. Importantly, in the absence of the Cysteamine

modification, bilayer at the gold membrane was unstable.
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Figure 1. (a) EIS of bare Au cavities, and Cyst-functionalized Au cavities; (b) SE(R)RS spectra of
Cy5-tage from Cy5-ssDNA in Cyst-functionalized and bare substrate; (c). EIS spectra of
microcavity supported lipid bilayer obtained at 15min and 3hrs post deposition demonstrate
stability over the experimental window;(d)‘leak-test’ with DRAQ7confirms the MSLB seals the
cavity from access by non-membrane permeable species. The schematic depicts membrane
disruption by local heating; The membrane composition is DOPC (51.7 mol%), Cholesterol (33.3
mol%), DOPS (8.3 mol%) and N-(octadecanoyl)-sphing-4-enine-1-phosphocholine (6.7 mol%).
Excitation wavelength for Figure 1b is 633nm, and 1d 785nm. EIS measurements were carried out
with a Ag/AgCl (1 M KCl) reference electrode, a platinum coil wire as a counter electrode, and
the gold substrate with a microcavity array as the working electrode under 1 mM

K3[Fe(CN)6]/K4[Fe(CN)6] in PBS between 0.02Hz and 104HZ operating frequency.

It is critical to establish that the lipid membrane suspended across the pore array does behave as a
barrier to non-membrane permeable cargo. To confirm this, the sealing quality of the MSLB

bearing Au-voids (MSLB-Au) was examined by exposing them to 5uM DRAQ7, a membrane-
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impermeable probe, with a strong Raman signature, resonantly enhanced at 785 nm. As can be
seen in Figure 1d, which shows Raman spectrum from the array following incubation of the MSLB
withDRAQ7 no Raman signal from DRAQ?7 (see S1 for DRAQ SE(R)RS spectrum) is observed.
This indicates that the probe is prevented from entering the cavity in the presence of the MSLB
confirming the bilayer seals the SERS active Au-voids. To establish that DRAQ permeation would
be evident if it were occurring, the lipid membrane was then deliberately thermally disrupted by
illuminating it at increased laser power (by 10x) for 2-min before acquiring another SE(R)RS
spectrum at a lower excitation intensity. Notably, the spectrum acquired post-heating now shows
an intense and well resolved SE(R)RS signal corresponding to DRAQ7 (see post-heating curve in
Figure 1d)indicating thermal membrane disruption enabled entry of the DRAQ?7 into plasmonic
field of the cavity. Taken together, one can conclude that a stable sealed microcavity supported
lipid bilayer was obtained and that using the most intense region of plasmonic field which is
located below the level of the lipid membrane, is a valid and useful means of determining
membrane permeation. It should be stressed that the ability to preserve the suspended-membrane’s
integrity over a large pore size array for a prolonged period of time is a crucial feature of this

platform that is precisely what enables the OCR study presented herein.

5.4.2. Delivery of oligonucleotide-cargo across suspended lipid bilayer with lipoplex
Two lipoplexes, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and DOTAP/1,2-
Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)were used to study the effect of composition
on delivery efficiency of fluorescently labelled oligonucleotide cargo. Dynamic Light Scattering
(DLS) analysis revealed the Cy5-ssDNA loaded lipoplexes to be 146 +/- 1.5nm (@PDI=0.12), and
135+/- Inm (@PDI=0.12) in diameter respectively, with zeta-potentials 0f34.96 +/- 2mV and 20.5
+/- ImV respectively. On the basis of particle size and zeta-potential, both DNA-loaded lipoplexes

were found to be stable for at least Sdays.
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Figure 2. (a), (b), and (c) Evolution of SE(R)RS spectra of Cy5-tag from naked Cy5-ssDNA, Cy5-
ssDNA-DOTAP lipoplex, and Cy5-ssDNA-DOTAP/DOPE lipoplex respectively. SE(R)RS peak
at 560cm-1, which correspond to polymethine-bridge stretching mode, is shown. (d) SE(R)RS
response curve showing the OCR kinetic. (e) same as (c) except the experiment is terminated at
60min time point. SE(R)RS spectra of Cy5-tag from Cy5-ssDNA-DOTAP lipoplex became

discernible after membrane disruption by Tri-X. Excitation wavelength = 633nm.supercripted

For these experiments,633nm excitation was used to match the electronic absorption peak
(@670nm) of the Cy5-tag and this wavelength is also expected, as for 785 nm, to elicit a SERS
effect.?SFirst, background Raman spectra were collected, from the MSLB. As can be seen in Figure

2a - ¢, no SE(R)RS signals were detectable before administrating the samples (t=0min).Then,
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about 60ul of lipoplex was incubated with substrate surface, and the time-series measurement
commenced within 3 min of sample administration. The growth of the Cy5-ssDNA concentration
in the cavity was tracked by monitoring the SE(R)RS intensity of the polymethine-bridge
stretching mode at ~560cm™,?” which is the most intense Raman peak in the Cy5-SE(R)RS
spectrum. As can be seen from Figure 2b (for DOTAP lipoplex), 2¢ (for DOTAP-DOPE lipoplex)
and also in the normalized response-curves (Figure 2d), Raman signal intensity from Cy5-ssDNA
on exposure to the lipid bilayer modified voids increased, and followed a sigmoidal trend, reaching
a plateau atl20min, and 60min, respectively for DOTAP and DOTAP/DOPE lipoplex. A
prominent distinction between the DOTAP and DOTAP/DOPE SE(R)RS response-curves is the
time-point at which signals began to rise: DOTAP/DOPE lipoplex begins to ‘deliver’ Cy5-ssDNA
as early as 30min, while it takes approximately90min for the DOTAP counterpart to instigate
release. To ensure that the MSLB remained intact throughout the experiment, ‘leak tests’ were
performed with membrane impermeable DRAQ7 exciting at 785nmin an analogous way as
described earlier at the end of each experiment. This was completed to ensure that the SE(R)RS
signal from Cy5-ssDNA was derived from lipoplex facilitated delivery of the OC to the cavity
interior and was not due to degradation of the membrane overtime. Correspondingly, at the end of
each experiment the DRAQ7 was confirmed to remain impermeable to the cavities and no leakage
was detectable. (see S2).In addition, no SE(R)RS signals were observed on incubation of free Cy5-
DNA with the MSLBs (Figure 2a), i.e. without lipoplex, confirming as expected that no passive

transport of the DNA across the lipid bilayer occurs during the experimental window.

As can be seen in Figure 2d, the lipoplex composition does indeed influence the overall delivery
kinetics, with the Cy5-ssDNA-DOTAP/DOPE lipoplex being the most efficient vector in
consistent with previous cell-based studies.?® To gain insights into the long time lag (up to 60 -
70min) in the Cy5-ssDNA-DOTAP kinetic curve (green), SE(R)RS experiments were repeated
with Cy5-ssDNA-DOTAP lipoplex, but now terminated prematurely at 60min time point. In
agreement with Figure 2d, no SE(R)RS signals were discernible during the experiment (green
spectrum in Figure 2e). However, when the membrane was subsequently disrupted with (ImM)
Triton-X, strong SE(R)RS signals from Cy5-ssDNA became detectable (blue spectrum in Figure
2e). It was thus hypothesized that Cy5-ssDNA was predominantly anchored at the membrane

lumen within the first 60min interval, thereby preventing it from reaching the plasmonic hot spot
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at the bottom of the cavity. To further elucidate this observation, Fluorescence Lifetime

Correlation Spectroscopy (FLCS) was used to probe the lipoplex-membrane fusion activities.

5.4.3. Fluorescence Studies of Microcavity Supported lipid bilayer formation and fusion
of lipoplex

FLCS was used in support of the SE(R)RS measurements to provide further insights into the
lipoplex-mediated delivery process. Prior to OCR experiments, the amenability of FLCS to probe
the fusion process for the lipoplex at a free-standing membrane was first assessed by monitoring
the diffusion coefficients (DCs) of membrane-bound lipid Atto532-DOPE.Following deposition
of MSLBs, reflectance and FLIM imaging (Fig. 3) were used in conjunction with z-scanning to
precisely locate the suspended lipid bilayer at the center of the cavities. Point FLCS measurements
were then performed to determine the lateral DCs of Atto532-DOPE, before and after incubation
with Cy5-ssDNA-DOTAP-lipoplexes. The DCs of labeled Atto532-DOPE, thus obtained, are
displayed in Table 1.

Prior to incubation with lipoplex, the diffusivity of Atto532-DOPE within the lipid bilayer was
determined as 6.0 + 0.7 um?/s, which decreased to 3.8 + 0.9um?/s post 15 min incubation, before
equilibrating at 4.8 + 0.2um?/s by120 min. It should be noted that partial recovery of the DCs
toward their initial value is typical of the fusion experiments studied in this report. It is tempting
to speculate that this observation stems from the formation of diffusion-limiting negatively-curved
nano-domains formed by pairing between the cationic DOTAP-lipid and the anionic DOPS-lipid
from the target membrane.?’ Notwithstanding its origin, this result indicates that the fusion of
lipoplexes exerts a small but measurable influence on the mobility of lipids. Most importantly,
FLCS, consistent with Raman leak tests with DRAQ7 described above, confirms membrane
integrity is uncompromised by the lipoplex fusion, which corroborates the SE(R)RS measurements
discussed above (see also S2). This is also further confirmed from FLIM imaging of the membrane

shown in Figure 3c.
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Table 1. Diffusion co-efficient of Atto532-DOPE introduced in the lipid bilayer comprised
ofDOPC (51.7 mol%), cholesterol (33.3 mol%), DOPS (8.3 mol%) and SM (6.7 mol%) using LB-

LB lipid transfer after fitting. The a co-efficient was approximately 1.0 for all measurements.

DDOPE

Time (min)  (um?/s)

0 6.0+0.7
15 3.8+0.9
45 40+x11
60 45+15

120 48+0.2

1.0 before lipoplex
5 o 15min
i o 45min
0 o 60 min
o
__ 0.6
&
O 04
0.2-
0.0 gl
001 041 1 10 100 1000
DOPE-ATTO532 transferred to the lipid bilayer © (ms)

by Langmuir-Blodgett lipid transfer

Figure 3. Fluorescence lifetime images (FLIM) of labelled DOPE-ATTOS532 in MSLBs comprised of
DOPC (51.7 mol%), cholesterol (33.3 mol%), DOPS (8.3 mol%) and SM (6.7 mol%) after exposing the
lipid bilayer to lipoplexes at early (15 min) and late (120 min) stage. The reflectance image was in the left
was obtained with and OD3 filter and shows the buffer filled microcavities (bright spots). The arrows
indicate the point of FLCS measurement at the centre of microcavities. The fitted autocorrelation functions
(ACFs) indicate the lateral diffusion of DOPE-ATTOS532 within the lipid bilayer before and after exposing

to lipoplexes.

Next, the delivery of Cy5-ssDNA by the lipoplexes was investigated. For such a study, the
Atto532-DOPE lipid was incorporated into the Cy5-ssDNA-loaded lipoplexes instead of the
membrane. In a similar manner as above, point FLCS measurements were performed on the
suspended lipid bilayer at the center of the cavities to monitor the evolution of the DCs during

fusion. The corresponding FLCS curves are shown in Figure 4. As can be seen in Figure 4a and
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4d, the cross correlation G(t) is strong before fusion (at t=0min) confirming co-diffusion of Cy5-
ssDNA and Atto532-DOPE. A distinct observation following lipoplex incubation is the
diminishing of G(t) at t=15min (Figure 4a and d), which is indicative of lipid-mixing between the
docked lipoplex and the membrane when the Atto532-DOPE lipid no longer associated with the
lipoplex (an hence Cy5-ssDNA). To assess the populations of free and bound Cy5-ssDNA, the
autocorrelation G(t) (Figure 4b - ¢ and 4e - f) were fitted using a 2D-diffusion equation (Seql),
and as a control reference, the diffusivity of free Cy5-ssDNA in PBS (pH 7.4) was also acquired
and estimated to be approximately 170 um?/s (see S4).
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Figure 4. Cross-correlation and auto-correlation traces show fusion of Cy5-ssDNA-DOTAP- and Cy5-
ssDNA-DOTAP/DOPE lipoplexes to target membrane. Both lipoplexes are doped with Atto532-DOPE
lipid for lipix-mixing assay. Figures on the left column, i.e. (a), (b), and (c), correspond to Cy5-ssDNA-
DOTAP lipoplex, while the right column, i.e. (d), (e), and (f) Cy5-ssDNA-DOTAP/DOPE lipoplex. The
cross-correlation curves shown in (a) and (d) show lipid-mixing at t=15min and onward for both lipoplex.
(b) and (e) correspond to auto-correlation traces of Atto532-DOPE lipids in DOTAP- and DOTAP/DOPE
lipoplex, respectively.(c) and (e) auto-correlation traces for Cy5-ssDNA, i.e. the OC.

Table 2 shows the DCs of Atto532-DOPE and Cy5-ssDNA assembled into both DOTAP- and
DOTAP/DOPE-lipoplex. Typically, the DCs for the Atto532-DOPE lipid fluctuated during fusion
between t=15min and 60min regardless of the lipoplex composition. This can be attributed to the
unpredictable residence time of the Atto532-DOPE lipids within the detection volume as they
occasionally encountered, and diffused around the 3D structure of the fusing lipoplexes’. As with
the case shown in Figure 3, the DCs for the fast Atto532-DOPE diffusion component (5.30pum?/s
and 2.2um?/s for DOTAP- and DOTAP/DOPE-lipoplex respectively) at 120minonly partially
recovers to its initial value (9.5pm?%/s and 5.2um?/s for DOTAP- and DOTAP/DOPE-lipoplex
respectively at t=15min). This is again speculated to be due to the formation of negatively-curved
nano-domains triggered by DOTAP-DOPS pairing. Additionally, the two lipoplexes also contrast
each with other in terms of the number of diffusion components. While the DCs for DOTAP-
lipoplex comprise of two components, those for DOTAP/DOPE lipoplex are predominantly single-
component, implying the absence of mixed phases once the lipoplex has incorporated into the
membrane, attributed to the membrane destabilizing effect of DOPE owing to its conical shape.>"
32

The DCs for Cy5-ssDNA are more predictable and show opposing trends for both lipoplexes (see
table 2). To illustrate this, the ratio %fast/%slow (B) is defined and plotted in Figure 5. As can be
seen, the B value for DOTAP-lipoplex began at 0.9 and decreased asymptotically to 0.4 (see blue
curve in Figure 4b). On examining the DCs, one can observe the presence of two Cy5-ssDNA
species; solution phase (unbound) species (Dfs=170um?/s) and membrane-bound species
(Dsiow=0.2 - 1.8um?/s). At t=120min, about 70% of the Cy5-ssDNA is membrane-bound, i.e.
=0.4. On the other hand, the  value for DOTAP/DOPE-lipoplex was initially 1.5, followed by a
temporary decrease to 1.0 before reaching 2.3 (see red curve in Figure 5). It should be noted that

the high B value of 1.5 at t=15min corresponds to a fusion stage, known as Hemifusion-Diaphragm
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(HD) in which lipid-mixing between the docked DOTAP/DOPE-lipoplex with the membrane has
led to pore formation, i.e. the Cy5-ssDNA remained trapped inside the lipoplex. This is evident
from the low DCs of the trapped Cy5-ssDNA at t=15min time point, and the concomitant reduction
of G(t) to zero(see Figure 4d). According to table 2, only about 30% of Cy5-ssDNA remained

anchored to the membrane when DOPE was added to the lipoplex formulation.

Table 2. Diffusion coefficients of Cy5-ssDNA and Atto532-DOPE as measured from the lipid bilayer
comprised of DOPC (51.7 mol%), cholesterol (33.3 mol%), DOPS (8.3 mol%) and SM (6.7 mol%). The
upper sub-table shows DCs for Cy5-ssDNA-DOTAP-lipoplex, and the lower sub-table Cy5-ssDNA-
DOTAP/DOPE lipoplex. Excitation wavelengths for Cy5-ssDNA and Atto532-DOPE are 640nm, and
532nm respectively. All measurements were carried out with a water-immersion lens, NA 1.2 UPlanS Apo

60 x 1.2 CC1.48, Olympus.

DOTAP-lipoplex

Dooes (Lm?/s) %DOPE Pop Desona (pm/s) %DNA Pop
Time (min) Drast Dejow %fast  %slow Drast Deiow %fast  %slow
15 95+056 021+0.10 25+10 75+10 175.0+255 1.80+0.28 48+15 52%15
45 410 £45 0.55+0.20 70£15 30+15 1702+173 1.18 £+ 0.66 34+9 66+9
60 3.01+£0.56 0.26 £ 0.11 46+20 54+20 1753152 0.72+0.36 30£10 70+10
120 530+0.28 0.50 £0.25 38+3 62+3 1705+107 0.29 £ 0.05 29+4 71+4
Cy5-ssDNA-DOTAP/DOPE-lipoplex
Dpore (umé/s) %DOPE Pop Desona (pm/s) %DNA Pop
Time (min) Dsast Deiow Y%fast Y%slow Dsact Deiow Y%fast Y%oslow
15 52+17 05+02 50+10 50+10 120+28 04+02 60+15 4012
45 34+038 100 1701 £ 105 27+12 51+19 49+19
60 24+03 100 1702+ 838 33:+03 70£10 3010
120 22+02 100 1684 +938 36+05 70+9 30+9
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Figure 5. Time trace of P (ratio of Cy5-ssDNA fast-diffusing to slow-diffusing component, %fast/%slow)
for DOTAP-lipoplex (blue) and DOTAP/DOPE-lipoplex (red). B values for DOTAP-lipoplex decrease
from 0.9 to 0.5 asymptotically, suggesting the majority of the Cy5-ssDNA is bound. In contrast, [} values
for DOTAP/DOPE-lipoplex commence at 1.5, and decrease to 1.0 before reaching a plateau at 2.3. The 3

value at t=15min corresponds to the Hemifusion-Diaphragm (HD) fusion stage.

5.4.4. Fusion of membrane with fluorescently-labelled lipoplexes
To visualize the fusion process, FLIM images of the Atto532-DOPE distributions in the membrane
spanning over the cavity apertures were acquired. Representative images are shown in Figure 6a
and 6b, that depict the distribution dynamic for DOTAP- and DOTAP/DOPE-lipoplex
respectively. In the case of DOTAP-lipoplex, the distribution of Atto532-DOPE appears granular
over the cavities (circled) between t=15min - 60min, before transitioning to a relatively more
diffusive and homogeneous distribution at t=120min. These speckled features are attributed to
regions where Atto532-DOPE lipids resided longer as they diffused into or around the 3D volume
of fused lipoplexes.’**Eventually, as more lipoplexes collapse into the membrane at t=120min,
Atto532-DOPE distribution becomes relatively more homogenous. Similar dynamics are observed
for the DOTAP/DOPE lipoplex (Figure 6b) except the transition is faster and Atto532-DOPE
appears more uniformly distributed earlier on in the sequence. This implies an enhanced fusion
rate for this liposome formulation attributed to the membrane de-stabilizing effect of the DOPE
lipids.*! This observation also agrees well with the SE(R)RS response curves shown in Figure 2d,

in which OC delivery occurred sooner with DOTAP/DOPE lipoplex.

(a) Cy5-ssDNA-DOTAP lipoplex
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Figure 6. Fluorescence lifetime images (FLIM) showing the distribution of Atto532-DOPE lipids in
membrane suspended over the cavity apertures. (a) depicts the dynamical changes of Atto-532-DOPE
distribution when Cy5-ssDNA-DOTAP-lipoplex is fused to the membrane. Atto532-DOPE became
relatively more homogeneous at t=120min. (b) depicts Atto532-DOPE distribution when Cy5-ssDNA-
DOTAP/DOPE lipoplex fused with the membrane. In contrast to the case of DOTAP-lipoplex, Atto532-
DOPE becomes more homogenously distributed at an earlier time point, when DOPE is included in the
lipoplex. Membranes used in these experiments were deposited on a PDMS cavity array with a 2um pore

size. Scale bar is 3um.

5.5.Discussion

5.5.1. Endosomal escape mechanism as a multi-step process
The cell membrane is generally impermeable to most large molecules, including to therapeutic
oligonucleotides, which have the additional disadvantage in this regard, of being negatively
charged. Where large molecules are permeable, the majority of such species penetrate the
membrane through activated mechanisms particularly endocytosis, which eventually leads them
to the abyss of endosomal entrapment. Unfortunately, the bottleneck of extremely low endosomal-
escape rate has long hindered progress in intracellular therapy; sufficient molecules must break

out of endosome in order to elicit therapeutic effects. To this end, various EE schemes have since
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been studied, to facilitate delivery including sponge effect,>* 3> flip-flop, and the use of pH-

sensitive cell-penetrating peptide.

Whereas transfection assays are normally used to assess the delivery efficiency of a vector, the
method is essentially blind to EE as many compounding factors can influence expression level,
e.g. cell-state, generation, mechanism of release of oligonucleotide in the endosome.’To overcome
the rate-limiting EE challenges in intracellular delivery, a direct means to probe EE must be
devised to enable informed decisions during the rational design of nanocarrier. To this end, the
objective of the current study is two-fold. Firstly, the possibility of a high-throughput photonic-
based endosomal-escape assay conducive for rational nanocarrier design approach was explored
based on a bio-mimetic endosomal membrane model. As described above, Urban M. et al.
previously proposed suspended membrane over pore as a potential HTS platform for permeability
study,! but the sensitive membrane area (~80nm) is not compatible with atypical vector’s size
(100-300nm). The platform described herein on the other hand, and as shown in Figure la - d,

allows for stable lipid membrane to be spanned over large pore diameters (500nm to Spum).?

Secondly, oligonucleotide release at the fusing site was studied. The current study focused
primarily on cationic lipid-based nano-carrier, or lipoplex, because of its wide application as a
non-viral gene vectors as well as its clinical importance.?®3”- ¥However, in spite of the many well-
documented reports on this particular vector, very little is known about the exactly mechanism
through which the oligonucleotide cargo become completely dissociated from the fusing site, and
subsequently enter the cytoplasm.'® 3 In the case of cationic lipoplex, it was proposed that the
release of OC was a result of neutralization of the cationic lipids from the lipoplex by the anionic
lipids from the target membrane.*® However, previous studies (e,g, by Olivier Le Bihan, et al,) on
lipoplex-mediated transfection have found no correlation between the extent of fusion(in terms of
lipid-mixing) and gene expressionlevel.'* This observation thus hints at more complex interactions

between the cargo and the fusing lipid membranes.

The current study intends to probe OCR with a membrane model. To mimic a typical mammalian
endosomal membrane as closely as possible, a quaternary membrane composition

DOPS/DOPC/SM/Chol was used at a molar ratio of 8:52:7:332°. The inclusion of DOPS has been
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shown to be essential in enhancing lipoplex-membrane binding fusion.*'It should be stressed that
the use of a symmetric lipid bilayer (i.e. identical lipid composition for both leaflets) here also
renders the current study more relevant to pathological membranes.*?Another important
consideration for the experiments herein is the stability of the partitioning membrane between the
cavity chamber and the aqueous exterior. To establish this is stable during our experimental
window, EIS measurements demonstrated that the membrane remained intact for at least 3hrs,
which exceed the length of most experiments (~2hrs) carried out here. Proper sealing of the
membrane-bearing cavity is equally crucial and was verified by a negative control study against a

membrane impermeable probe DRAQ7 (see Figure 1d).

Having established the integrity and impermeability of the lipid bilayer at the MSLB, two types of
lipoplexes were examined in this study: DOTAP-lipoplex and DOTAP/DOPE lipoplex. DOTAP
is a common transfection re-agent, and DOPE is well documented as a ‘helper-lipid’ that enhances
delivery efficiency by promoting hemifusion stalk as well as inverted hexagonal phase due to its
conical-shape.*> 4446 A negative control study was also carried out with naked Cy5-ssDNA. As
shown in Figure 2b and c, the arrival of the released Cy5-ssDNA to the bottom (~175nm away
from the suspended membrane) of the cavity where the plasmonic hot-spots reside was readily
monitored via the intense SE(R)RS peak of Cy5 @ 560cm™, which corresponds to the
polymethine-bridge stretching mode.?” ’From Figure 2a - ¢, one can observe distinct delivery
dynamics among the three lipoplex species. DOTAP/DOPE (Figure 2c) was the most efficient
delivery vehicle whereas unsurprisingly, the naked Cy5-ssDNAdid not permeate the membrane at
all.! In contrast, ‘delivery’ of Cy5-ssDNA by the DOTAP-lipoplex commenced only at 60min post
administration (see green curve in Figure 2d). This observation corroborates previous cell-based
assays, which showed a 2xor more improvement in EE rate when DOPE is included in the lipoplex
formulation.** As mentioned above, delayed release of OC from the endosome when lipoplex
fusion was expected was not uncommon in cell-transfection experiments.'? %48 Yet, the exact
mechanism of OCR has been overlooked.'® ¥To this end, the time lag in OC delivery with
DOTAP-lipoplex were examined further by repeating the SE(R)RS experiments up to the 60min
time point, i.e. before SE(R)RS signals became discernible. As before, no SE(R)RS signals were
discernible during the experiment (green spectrum in Figure 2e). However, when the membrane

was subsequently disrupted with (ImM) Triton-X, strong SE(R)RS signals from Cy5-ssDNA

194



became detectable (blue spectrum in Figure 2e). This suggests the delay in DOTAP-lipoplex
mediated OCR was likely caused by the Cy5-ssDNA being arrested at the membrane, preventing
it from entering the cavity where it was able to reach the plasmonic hot spot. It is important to
emphasize that for SE(R)RS signals to be detectable, it was demonstrated that the Cy5-ssDNA
molecules must be fully dislodged from the lipoplex (see S3). Absence of SERRS from the
lipoplex boundCy5-ssDNA is attributed to volume exclusion (the lipoplexes are about 120nm in
size) of the lipoplex particles from the plasmonic hot-spots. This observation also demonstrates

the power of the novel plasmonic assay approach.

To further investigate the role of membrane in oligonucleotide release, the techniques of FLCCS
and FLCS were employed. The Cy5-ssDNA-loaded lipoplexes were labelled with Atto532-DOPE
to allow for lipid-mixing to be monitored. As can be seen in Figure 4a and 4d, lipid-mixing led to
diminishing cross-correlation curves at t = 15min, when the cationic lipids from the lipoplex began
to diffuse into the lumen of the target membrane, and thus no longer co-diffused with the CyS5-
ssDNA cargo. This indicates two possible fusion stages: the Hemifusion-Diaphragm (HD) stage
(where the outer-leaflets fuse but the content remains trapped) and the Fused-State (FS) (where a
stable neck stalk and pores formed) and cargo is released.*>On the basis of the fast diffusion-
components of Cy5-ssDNA (Drst under Dsspna in table 2), one can conclude the DOTAP/DOPE-
lipoplex was at the HD stage as the OC predominantly remained trapped (Dfst = 12um?/s) albeit
lipid-mixing had occurred, while DOTAP-lipoplex in FS stage where some free Cy5-ssDNA
‘leaking’ out via the fusion pores (Dfst = 170um?/s @ 30% fraction) could be observed. These
fusion stages are also shown in Figure7c¢ with respect to the OCR curves. From this point onward,
the release kinetics for both lipoplexes proceeds in a markedly different way. Particularly, the OCR
kinetic curve for DOTAP-lipoplex (the green curve) which exhibits a sigmoidal trend with a lag-
time of about 75min. To fully understand the OCR dynamic, a 2-step kinetic reaction scheme as
employed by Bentz in his study of vesicle fusion,*’(see Figure 7b) is used to describe the transfer
of trapped oligonucleotide, X,(t), to the membrane lumen, Xoc-bound(t), and finally the interior of
the cavity, Xoc-free(t).Initial attempts to model the sigmoidal curve as a simple 2-step 1¥-order-
process failed to replicate the long lag-time observed. It is therefore concluded that the OCR must
be nonlinear and gradual between t = 15min - 60min, before increasing abruptly, i.e. before Xo(t)

decreasing abruptly at 60min. This was attributed to the fact that OCR was more rapid with
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decreasing lipoplex size (FSp stage in Figure 7c) as observed in molecular simulations.**This is
further substantiated by the Atto532-DOPE (Figure 6a) images taken of the Cy5-ssDNA-DOTAP-
lipoplex fused membrane patches over the cavity apertures. They typically showed a transition
from granular features between 15min - 60min to homogeneity at t = 120min (C-stage in Figure
7¢). The speckled features are tentatively attributed to increased residence time of the Atto532-
DOPE lipids within the confocal volume whenever they encountered a fused lipoplex and diffused

around its 3D geometry.**

Next, to gain insights into the OCR pathway from the DOTAP-lipoplex, the trajectory of the
corresponding B (blue curves in Figure 5) values was traced over the course of the fusion process.
At t=15min, B (=%fast/%slow) is about 0.9. This however does not indicate that 50% of the
oligonucleotide content has already been released. Since Cy5-ssDNAs trapped within a sub-
diffraction-limited lipoplex would be ‘perceived’ as a single particle by FLCS, a small fraction of
free Cy5-ssDNA could artificially inflate the  value. As the lipoplex continued to inject its content
into the surrounding membrane,  dropped asymptotically to 0.4, indicating an increase in the
population of slow-diffusion component (reaching 70% at t=120min), which corresponds to the
membrane bound Cy5-ssDNAs. Interestingly, anchoring of oligonucleotide to membrane upon
release from a cationic lipoplex was predicted by Bruiniks et al. in their molecular simulation
experiments.>® This was a result of Cy5-ssDNAs failing to fully de-complex from the DOTAP

lipids, and therefore remaining bound to the membrane lumen.
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Figure 7. OCR pathway. (a) Schematic showing the sequence of fusion events; (i) lipoplex docking the
target membrane; (ii) a fused state where a stable stalk is formed and pore exposes the Cy5-ssDNA
fragments (i.e. the OC); (iii) lipoplex fully collapsed into the membrane. Note also the fractions of DNA
fragments remained anchored to the membrane. (b) a kinetic reaction scheme showing OCR as a multi-step
process; Xo(t) denotes the total amount of Cy5-ssDNA fragments trapped within the lipoplexes; Xoc-bound(t)
is the total amount of membrane-bound Cy5-ssDNA; Xoc-ree(t) fully-released Cy5-ssDNA (c). OCR kinetic
curves and the various fusion stages. lag-time of OCR is shown to be 75min. D: docking; HD: Hemifusion-
Diaphragm stage; FS.: slow-releasing fused state; FSy: fast-releasing fused state; C: lipoplex fully

collapsed.
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In contrast, no lag-time was observed in DOTAP/DOPE lipoplex mediated oligonucleotide
delivery; the OC appeared to be delivered within the first 30min of the experiment. The B value,
however, began at 1.5 at t=15min (see red curve in Figure 5), with the corresponding Cy5-ssDNA
diffusion-rates ranging between 0.4 to 12.0um?/s (much slower compared to free Cy5-ssDNA
species). This suggests a HD stage in which lipid-mixing occurred but without the formation of
stable pores that connected the trapped oligonucleotide content to the interior of the cavity. The 3
value then dropped to 1.0 before rapidly reaching a plateau at 2.3, which is accompanied by a fast
Cy5-ssDNA diffusing component (170um?s, see Table 2), signifying a FS stage where the
majority (up to 70%) of the oligonucleotides departing the lipoplex are completely released, i.e.
%fast > %slow. This scenario is aptly reflected in the FLIM image shown in Figure 6b, which
depicts a rapid transition of Atto532-DOPE lipids from a granular distribution (at t=15min) over
the cavity apertures to more homogeneously distributed ones (at t=45-120min). Two factors may
contribute to the improved transfection efficiency of DOTAP/DOPE lipoplex. Firstly, a reduced
concentration of DOTAP in the lipoplex facilitates de-complexing of OC from the
lipoplex/membrane. Secondly, the introduction of DOPE (the so-called helper lipid) enhances
membrane fluidity, and aids de-stabilization of the lipoplex, encouraging stalk formation.’! 3
Furthermore, the inverted hexagonal phase induced by DOPE is also likely to play a role in the
release of OC to some extent as suggested by Zelphati O. et al. and Du Z. et al.?® ** Such a de-
stabilizing effect of DOPE 1is evident from the absence of slow Atto532-DOPE diffusion
component at t=120min for DOTAP/DOPE lipoplex mediated OCR (see Table 2) as compared to
the case of DOTAP-lipoplex where different membrane domains persist following delivery as

evident from the presence of two diffusion components.

5.6. Conclusions
In conclusion, the current study reveals the mechanism of OCR in lipoplex mediated transfection,
shedding light on the interplay between fusion and OCR. The trade off between the stability of a
DOTAP-based lipoplex and the ability of the OC to sufficiently de-complex from the membrane
lumen must be considered in a transfection experiment. Other functional component, such as a
helper lipid or peptide, may be required in the composition of a cationic vector in order to assist
OCR. More importantly, while cell-based HTS techniques have conventionally been the

cornerstone for drug-delivery assay in the pharmaceutical industry, the high average cost/sample
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($1,000) render their use in vector development prohibitively uneconomical given the ever
increasingly-complex design-landscape of a delivery nanocarrier.’! Crucially, this study was
enabled by a new approach to membrane permeability assay that monitors cargo arrival to the
plasmonic field within the microcavity interior and below the lipid membrane, providing signal
enhancement to the cargo only after it has permeated the lipid membrane. The assay, presented in
microfluidic format, opens up the prospect of high-throughput and sensitive low-cost cell-free
alterative to understanding cell membrane permeation dynamics and mechanistic insights into

cargo delivery in drug delivery design.

5.7. Supporting Information
Supporting information can be found in the Appendix D.
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Chapter 6: Galectin-3 targets the inactive a5p1 integrin to
oligomerize and trigger membrane reorganization in a GSLs-
dependent manner

6.1. Introduction

Integrins, a family of heterodimeric glycoproteins, of which 24 are known in eukaryotes. They are receptors
for extracellular matrix (ECM) molecules such laminin, fibronectin and collagen.1 Integrins consist of a
non-covalent linked a and B units comprised of an extracellular domain and a short cytoplasmic tail. They
are essential for the normal function of organisms being involved in several cell functions including cell
migration, proliferation and apoptosis.2 In addition, integrins are receptors for lectins. Galectins, a
component of ECM, are a family of N-glycan-binding proteins that closely interacts with integrins
modulating cell adhesion or migration.3 Galectin-3 (Gal3) is a unique member of galectin family,
containing a C-terminal carbohydrate recognition domain (CRD) and N-terminal that favours the formation
of Gal3 oligomers of the lectin (Figure 6.1a).*> Gal3 binds to carbohydrate groups of glycoproteins at the
cell membrane as a monomer. The oligomerization of N-terminus of Gal3 increases its capacity to recruit

and interact with GSLs at cell membrane, as shown in Figure 1b.6

Evidence has been accumulating that glycoproteins and glycolipids are involved in endocytic uptake of
adhesion molecules in a clathrin-independent way, of which the association of Gal3 might be a trigger.
Recently, the role of Gal3 in endocytic trafficking has been investigated. For example, oligomerized Gal3
is capable of inducing the formation of narrow membrane invaginations in interactions with
glycosphingolipids. The formation of clathrin-independent carries (CLICs) is believed to involve the

oligomerization of Gal3 in presence of  glycosphingolipids and Pl-integrin  (
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Figure 6.41b) which were not observed in presence of N-terminus truncated Gal3 containing only CRD

region.® Most of the information related to CLICs was been obtained studying cells. For instance, this
process has been observed in breast carcinoma cells where galectin-3 mediates the endocytosis of 1
integrins in presence of glycans and lead to the reduction of integrins in the cell surface.” Further evidence
was observed as transcytosis across enterocytes in mouse intestine was demonstrated to be mediated though
Gal3 binding to the glycoprotein lactotransferrin in a glycosphingolipid-dependent manner.® However, the

direct role of integrin/GSLs in CLIC:s still remain to be elucidated.

In this context, this work aims to address the role of integrin galectin interaction and to understand the role
of glycolipid and activation of a5p1-integrin in promoting this interaction. This project is ongoing but here,
the preliminary results of a5p1-integrin reconstitution and binding of Gal3 are presented. The study was
conducted using wild-type galectin-3, here referred to as Gal3, and the truncated at N-terminus of Gal3 and
contains only the CRD domain (Gal3ANter). Integrin was reconstituted to MSLBs using a two-step method,
first integrin was reconstituted into proteoliposomes that was later fused against a pre-deposit lipid
monolayer. The preliminary results shown that the diffusion coefficient of reconstituted a5p1-integrin
measured by FLCS increased after reaction with Gal3 but were not affected by the Gal3ANter. Also, the
presence of GLSs enhanced this effect, by increasing the binding of Gal3 and Gal3ANter. In addition, the
electrochemical results indicate that the binding of Gal to integrin is more dominant when GSLs are present

suggesting that Gal3 binds to integrin /GSLs in a cooperative manner. Together, these results indicate that

203



the platform was effective for modelling GSL-integrin-lectin interactions which enables the advancement

of the project into more biological relevant conditions.
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Figure 6.41. (a) Oligomerization of Gal3 occurs through the N-terminus of the lectin. (b) Mechanism

proposed for the clathrin independent carrier (CLIC) formation and biogenesis. Monomeric galectin-3 is
recruited to membrane by binding to glycosylated cargo proteins, such f; integrins. Membrane bound
galectin-3 oligomerizes and gains functional GSL binding capacity. Clustering of cargo protein and GSL

generates mechanical stress forming endocytic invaginations. Figure reproduced from reference.®

6.2.Experimental

6.2.1. Integrin reconstitution into proteoliposomes

Integrin asP; was incorporated to proteoliposomes comprised of eggPC/eggPA (90:10) or
eggPC/eggPA/GSLs (85:10:5) using detergent-mediated according the protocol used by Johannes’
group at the Marie Curie Institute, Paris (FR). Briefly, lipid films were prepared with 18 puL of 10
mg/ml eggPC and 2 pL of 10 mg/ml eggPA in chloroform dried under nitrogen flow and further
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dried under vacuum for 1h. For liposomes containing GSLs, 20 uL of brain extracted GSLs (1
mg/ml) was mixed with eggPC and eggPA prior to solvent evaporation. For fluorescence studies,
DOPE-ATTO655 was add to the lipid film at concentration of 0.01 (mol %). The lipid film was
suspended in 200 pL in TrisHCl (10mM, pH 7.4, NaCl 150 mM) to achieve liposomal
concentration of 1 mg/mL Large Unilamellar Vesicles (LUVs) obtained after vortex the lipid film.
The liposomes were destabilized with 5 pL. Triton X-100 (10% v/v) for approximately 10 minutes.
Then, a combination of free labelled and labelled ATTO488-integrin asf; was add to obtain a ratio
lipid to protein of 10 (w/w). The mixture containing lipids and proteins was allow to equilibrate at
room temperature for 10 min before removal of detergent. This was obtained by adding 3 aliquots
of 10 mg of hydrated bio-beads with an hour of interval between each addition. Finally, the
proteoliposomes were separated from biobeads by using a micropipette. The proteoliposomes were
diluted with PBS (pH 7.4) to the final concentration of 0.25 mg/ml and their size distribution was
evaluated by DLS. Liposomes and proteoliposomes were analysed by DSL before and after
reconstitution of integrin. Proteoliposomes containing labelled DOPE-ATTO655 and ATTO488-

asP1 were characterized by Fluorescence Lifetime Cross-Correlation Spectroscopy (FLCCS).

6.2.2. Gold and PDMS microcavity array preparation

The lipid bilayers were spanned over PDMS and Gold arrays prepared as indicated in the previous

chapters. The experiments were conducted in triplicates.

6.2.3. Lipid Bilayer preparation
Pore suspending lipid bilayers containing bacteriorhodopsin were spanned across buffer filled
micro-cavity arrays following the method described previously.” Briefly, a combination of
Langmuir-Blodgett (LB) and vesicle fusion was used. The LB trough (NIMA 102D) was filled
with MiliQ water (18.2 MQ.cm™) and approximately 50 uL of eggPC (1 mg/mL in chloroform)
were deposited onto the air-water interface until surface pressure of >1 mN/m was obtained.
Micro-cavity arrays comprised of PDMS or gold were immersed into the LB trough until all of the
cavities were submerged completely into the subphase. The chloroform was allowed to evaporate

and the resulting lipid monolayer at the air water interface was compressed four times to a surface
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pressure of 36 mN/m each time. The micro-cavity array was withdrawn from the trough at a rate
of 5 mm/s whilst the surface pressure of the lipids was retained at 32 mN/m to ensure transfer of
eggPC monolayer. To assemble upper leaflet of the bilayer and incorporate integrin-osp1, the face
containing the microcavities were exposed to preformed proteoliposomes at 0.25 mg/ml. Substrate
was incubate for at 1.5 hours in the dark to allow the protein-bilayer formation. Here, asymmetric
lipid bilayer comprised of eggPC//eggPC/PA or eggPC//eggPC/eggPA/GSLs are shown as PC/PA
or PC/PA/GSLs for simplicity. The integrity of lipid bilayers was acceded by Fluorescence
Lifetime Correlation Spectroscopy (FLCS) and Electrochemical Impedance Spectroscopy (EIS).

6.2.4. Fluorescence Lifetime Imaging and Correlation Spectroscopy
In this work, labelled DOPE-ATTO655, CRD-Alexa647 and Gal3-Alexa647 were excited with
640 nm laser (LDH-P-C-640B (PicoQuant)). Integrin ATTO488-asp1 was excited with a 532 nm
laser (PicoTA laser from Toptica (PicoQuant)). Fluorescence light was collected through a
HG670lp AHF/Chroma or HQ550lp AHF/Chroma band pass filter for 640 or 532 nm laser
respectively. The lipid bilayer position was determined at the pore of microcavities by z-scanning
until the point of maximal fluorescence intensity of labelled DOPE or integrin was found. At this
point, the fluorescence intensity of was measured for 30 to 60 seconds per cavity, and replicate
data from 20 to 30 cavities were measured per sample. After MSLB preparation, Gal3-Alexa647
or CRD-Alexa647 at designated concentration range were titrated in the microfluidic MSLB
device. Each concentration was allowed to equilibrate for at least 30 min. FLCS data was fitted to

the 2D or 3D diffusion model as previously described in chapter 2, 3 and 4.

6.2.5. Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) was performed as previously described in chapter
3. The electrochemical cell was kept in PBS buffer (pH 7.4) and for each concentration of
CRD/Gal3 a lag time of ~30 min incubation was maintained before EIS were recorded. From the
EIS data, the change in resistance and capacitance values were extracted by fitting the EIS data as
previously described in chapter 3. The resistance and capacitance changes are given as there is

some batch-to-batch variation in absolute electrochemical values due to the substrate, but absolute
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resistance of the membrane was evaluated before study to ensure it confirmed to that expected for

stable lipid bilayer.

6.3.Results and Discussion

6.3.1. Incorporation of integrin in proteoliposomes and MSLBs

Integrin asB1 was incorporated into proteoliposomes comprised of eggPCl/eggPA (90:10) or

eggPC/eggPA/GSLs (85:10:5) using detergent-mediated protocol. To evaluate the reconstitution

of integrin to the proteoliposomes, DOPE-ATTO655 was added to the lipid mixture to permit two

laser excitation Fluorescence Lifetime Cross Correlation Spectroscopy (FLCCS). To do so, both

liposome and integrin were labelled with fluorescent markers with different excitation

wavelengths. Liposomes were tagged with DOPE-ATTOG655 prior to the incorporation of labelled
asB1-ATTO488. The Figure 6.2 shows the DLS and FLCS results obtained for the incorporated

integrin to proteoliposomes and to the incorporated to MSLBs.
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Figure 6.42. Dynamic Light Scattering (DLS) and Auto correlation functions (ACFs) obtained for

Fluorescence Lifetime Cross-Correlation Spectroscopy (FLCCS) of proteoliposomes after reconstitution
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integrin using two independent fluorophores. DLS represents (a) liposomes after resuspension into solution
(a), (b) after destabilization with Triton X-100 and (c) after detergent removal using bio-beads. (d) Shows
the FLCCS of integrin and DOPE. The red and the green line represent the labelled ATTO488-0s3: and
DOPE-ATTOG655, respectively. The black line indicates the cross-correlation between the two dyes.

Dynamic Light Scattering shows that liposomes resuspended in Tris buffer formed vesicles with
diameter of around 500 nm, as indicated in Figure 6.42a. After addition of Triton X-100, the
vesicles were disrupted as indicated by the change in the size distribution of the resulting solution
of lipids/Triton X-100 (Figure 6.42b). The 3 aliquoted additions of bio-beads and detergent
removal, the reconstructed lipid vesicles containing integrin generate proteoliposomes of
approximately 120 nm (Figure 6.42c). Using FLCCS, the diffusion of proteoliposomes was
evaluated following the dual excitation of labelled integrin-ATTO488 and DOPE-ATTOG655
(Figure 6.42d). It can be observed that both molecules shown co-diffusion within the reconstituted
proteoliposomes, indicating that integrin was well inserted in the formed liposomes after detergent

removal.

6.3.2. Characterization of MSLBs containing o581 integrin
We first evaluated the incorporation of integrin asB1 into MSLBs after sample preparation using
the hybrid method of Langmuir-Blodgett lipid deposition followed by proteoliposomes disruption
similar to chapter 4. Reconstitution of integrin into MSLB was monitored by FLCS by studying
the lateral diffusion of labelled integrin-488. Here, FLCS data was fitted to a 2D model, as
described in chapter 4. We observed that after reconstitution to PC/PA bilayers, the diffusion
coefficient of labelled ATTO488-asP1 was 1.8 + 0.4 um?%/s with a coefficient of 0.86 + 0.05. The
diffusion value of integrin-488 is slightly slower than the diffusivity previously reported for
integrin in GUVs, to be 2.6 = 0.3 um?/s.!° By comparison Gaul reported platelet integrin allbp3
reconstituted into simple DOPC MSLB exhibited a diffusion coefficient of 2.80 £+ 0.59 um?/s and
an alpha value of 1. The diffusion coefficient of the same integrin in “natures own” GUV was 2.5
um?/s so could be related to the composition of the lipid membrane.'® We observed that the

diffusion of labelled DOPE-ATTO655 was lower in PC/PA bilayers, determined to be 7.1 £ 0.5
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um?/s. This value is significantly lower that previously reported for DOPC bilayers, to be around
10 pm?/s, indicating that PC/PA bilayers are less fluid, which could explain the lower integrin
diffusion. Alternatively, the relatively low diffusion value for the integrin may indicate that it, as
reconstituted, is dimerized or aggregated to some degree, this has been observed in integrin
previously and may also account for the alpha value, which in previous reports on integrin has
been 1. Nonetheless overall, the diffusivity of integrin indicates that its reconstitution was stably
achieved at MSLBs, where in control experiments, there no evidence for change in diffusivity or

o during this window (Figure 6.43).
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Figure 6.43. ACFS for labelled o581 Integrin-488. Integrin was reconstituted into PC/PA-integrin-488 (LP
10), PBS Buffer ACFs were collected over time for reconstituted integrin and show no changes over 3 - 4

hours windows.

6.3.3. Interaction of Gal3 and CRD with a5B1 integrin in absence of GSLs
To evaluate the effect of oligomerization of Gal3 and network formation to membranes containing
aSP1 integrin, experiments were carried out using Gal3 (wild type) and a N-terminus truncated
Gal3 (Gal3ANter) containing the carbohydrate recognition domain (CRD) but lacking the N-
terminus responsible for oligomerization and clustering of Gal3. Initially, the diffusion of labelled

Gal3-Alexa647 and CRD-Alexa64 was evaluated by FLCS in PBS (pH 7.4) as indicated in the
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Figure 6.44. We observed that the diffusion of Ga3-Alexa647 and CRD-Alexa647 were
approximately 100 pm?/s after fitting to a 3D diffusion model as indicated in the appendix B.
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Figure 6.44. ACF curves obtained for labelled Gal3-Alexa647 (blue circles) and CRD-Alexa647 (orange
circles) in PBS (pH 7.4). The data was fitted to a 3D diffusion model (solid lines).

Initially, the binding of labelled CRD and WT-Gal3 with Alexa647 were evaluated at MSLBs
comprised of PC/PA contain integrin a5p1 (LP 10 wt:wt) using FLIM/FLCS. The FLIM images
obtained after the reaction of labelled CRD-Alexa647 are shown in Figure 6.45. The samples were
exposed to CRD-Alexa647 at 6.66, 33.3 and 66.6 nM, represented by the Figures 5a, 5b, and Sc,
respectively. We observed that in absence of GSLs, the binding of CRD was weak and limited to
the rim of microcavities, which could indicate adsorption of CRD to the less mobile parts of the
membrane. The diffusion coefficient of CRD-647 was approximately 24 um?/s. This is indicated
by the absence of mobile molecules at the center of the microcavities, as shown in the Figure 6.6

(right) and could indicate the CRD might bind to a5p1 immobilized protein.
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Figure 6.45. FLIM of MSLBs comprised of PC/PA (90:10) containing a5p1 (LP 10 wt:wt) after reaction
with CRD-Alexa647. Figures (a), (b) and (c) represent the FLIM obtained for CRD-Alexa647 at 6.6, 33.3
and 66.6 nM. (d), (e) and (f) represent the FLIM images obtained for a5f1-ATTO48S.

The FLIM images obtained for labelled-integrin shown a constant fluorescence intensity with
brighter areas nearby the rim of the microcavities, as shown in same conditions as indicated by the
Figures 5d, 5e and 5f. As well, the ACFs curves obtained for labelled integrin asBi above
microcavities (Figure 6.46, left) indicated that the association of CRD to the membrane, which
corresponds to low binding to integrin as shown in the FLIM images displayed in Figure 6.45. The
truncated CRD lacks the N-terminus which is what leads to self-oligomerization of Galectin 3.
However a variation on the diffusion coefficient of integrin was observed, which increased from

1.9 um?/s to 2.7 um?/s after addition of CRD, as indicated in Figure 6.46, right.
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Figure 6.46. FLCS obtained for PC/PA (90:10 mol%) + a5B1 (LPR 10) after reaction with CRD-Alexa647.
The ACF curves represent the diffusion of the labelled CRD-Alexa647 (left) and aSB1-ATTO488 (right)
as function of CRD concentration. ACFs of CRD (right) indicate poor association to asf: at cavities as

indicated by the lower correlation of the curves.

Next, the lipid bilayers comprised of PC/PA + contain integrin a581 (LP10) were exposed to
labelled WT-Gal3-Alexa647. In absence of GSL, the FLIM images obtained after the addition of
Gal3-Alexa647 shown a significant increase in intensity at center of microcavities, when compared
to CRD as shown in the Figure 6.47 (a-c). This could indicate a higher association of Gal3 to
integrin as the N-terminus allows lectin-oligomerization, which could lead to uptake of integrin is
more efficient way. The ACFs curves obtained for Gal3 shown that the diffusion coefficient of
Gal3 decreases with concentration from approximately 0.9 pm?/s, indicating association as the
solution phase values confirm the binding to the membrane. Also, the very low diffusivitity likely

indicates network or lattice formation, as indicated in

Figure 6.48, left, in accordance with FLIM.
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Figure 6.47. FLIM of MSLBs comprised of PC/PA (90:10) containing a5p1 (LP 10 wt:wt) after reaction
with Gal3-Alexa647. Figures (a), (b) and (c) represent the FLIM obtained for Gal3-Alexa 647 at 3.7, 18.5
and 37 nM, respectively. Figures (d), (e) and (f) indicate the FLIM obtained for a5p1-ATTO488.

In case of labelled integrin a5p1-ATTO488, FLIM images of shown a relatively constant
brightness as indicated in Figure 6.47 (d-f). Conversely, the addition of Gal3 causes integrin

diffusivity to increase, as indicated in

Figure 6.48, right. The diffusion coefficient of integrin increased from 1.8 pm?/s to 5.6 um?/s after
Gal3 binding. This suggests disaggregation of the integrin or perhaps change in resting status and
could indicate a variation in local membrane diffusivity due to curvature change. This is
accompanied by an increase in the Brownian a coefficient to approximately 1, which indicates
reversion from anomalous to close to Brownian motion on Gal3 treatment and taken together may
suggest that Gal3 imposes disaggregation of the integrin at the membrane, possibly due to
inhibition of inter-integrin interactions or change of activation status. Our data is strongly
consistent with studies reported by Yang et al. that Gal3 alters the lateral mobility and clustering
of a5B1-integrins in HeLa cells using SPT. They observed that the truncated CRD showed only
minor reductions in lateral mobility while WT-Gal3 induced higher diffusivity of integrin.!' To
the best of our knowledge, this is the only observation of a change in mobility of integrin after

Gal3 binding.

213



1.2 1.2

— Integrin (3.7 nM Gal3)

" =  3.7nM Gal3 I e
tegri .

! | ( 18.5nM Gal3 1 N n Egr!n( n al3)

1l f —— 37.0nMGal3 . Integrin (37.0 nM Gal3)

0.8

0.6

0.4

0.2

-0.2

-0.2

0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000

Figure 6.48. PC/PA (90:10 mol%) + a5B1 (LPR 10) + Gal3-Alexa647. Data is collected for the same
experiment but left shows diffusion of the labelled Gal3 and Right shows ACFs for a5p1 as function of

Gal3 concentration.

Additionally, complementary studies conducted with EIS shown a different behavior of Gal3 and
CRD at membranes containing integrin as indicated in Figure 6.49. We observed that both Gal3
and CRD cause a decrease in resistance of the integrin reconstituted to PC/PC bilayer, which extent
of change is consistently larger for Gal3 (Figure 6.49a). However, the Gal3 was observed to
increase the membrane capacitance at lower concentrations, around 10 nM, which decreased for
higher concentration at 40 nM. On the other hand, we observe a systematic decrease in capacitance
for concentration of up to 10 nM. After, the capacitance remained constant and unvaried with CRD
concentration (Figure 6.49b). This difference indicates Gal3-oligomerization at lipid membrane,
which could cause an increase in membrane capacitance due to the additional protein layer, in

accordance with FLCS/FLIM observations.
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Figure 6.49 Impact of Gal3 and CRD on PC/PA lipid membrane containing Integrin. Figures a and b
illustrate the change in resistance and capacitance of membrane. There values were extracted from the EIS

fitted data.

6.3.4. Inhibition of Galectin-3 with asp: integrin in absence of GSLs

To disrupt carbohydrate-mediated interactions of Gal3 with integrin, Gal3 was incubated in
presence of lactose as inhibitor competitor as indicated by the ACF curves in Figure 6.50. Under
these conditions, the diffusivity of integrin-488 obtained was 2.1 = 0.5 um?/s (black circles). The
diffusivity of integrin in presence of B-lactose was 1.9 + 0.7 um?’s, indicating that lactose did not
affect integrin diffusion (red circles). Notably, from Figure 6.50, if the integrin is pre-incubated
with lactose the galectin induced changes are not observed. After the addition of pre-incubated
Gal3 with B-lactose (50mM), integrin diffusivity was not impacted, remaining around 2.2 + 0.4
um?/s (blue circles), indicating that Gal3 failed to bind to integrin. The bilayer was then rinsed
with PBS (pH 7.4, 1 ml) to remove non-bound Gal3-lactose complex and exposed to Gal3 (1
ug/ml), which corresponds to 37 nM, the diffusivity of integrin was increased to 5.5 + 0.8 pm?/s.
This important observation indicates that carbohydrate recognition domain binding is the

interaction with integrin is required to alter the integrin mobility.
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Figure 6.50 Diffusivity of integrin-atto488 before reaction with lactose (red circles), Gal3 pre-incubated

with B-lactose (blue circles), WT-Gal3 (green circles). PBS, pH 7.4.

6.3.5. Interaction of Gal3 and CRD with a5B1 integrin in presence of GSLs
Next, to directly address the role of GSLs and integrin on Gal3 binding were investigated following
using labelled Ga3 and CRD. To do so, MSLB containing 5 mol% of GSLs and integrin a5p1 were
prepared following the proteoliposomes preparation previously described. The lipid bilayers
exposed to labelled CRD-Alexa647 shown that the association of CRD was higher for the
GSL/a5B1 than the results observed for a5B1 in absence of GSLs. This is observed as shown in
the FLIM images in Figure 6.51 (a-c). It is possible to observe that FLIM images of CRD-Alexa647
shows increase in fluorescence intensity of CRD-Alexa647 above the microcavities which might
indicate a better association of CRD to integrin/GSL. However, the diffusion coefficient of CRD
was constant at approximately 2 pm?/s across the 3 concentrations tested as shown in Figure 6.52,
right. This suggests that CRD does not from a network, as expected for the truncated Gal3, since
the diffusion essentially matches that of the untreated integrin. Together, FLIM and FLCS of
labelled CRD-Alexa647 shown that GSLs increase the ability of CRD to bind integrin membranes.
Controls were conducted to lipid membranes containing only GSLs which shown poor association

and indicates that GSL/integrin binding is cooperative.
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Figure 6.51 FLIM images of CRD-Alexa647 and Integrin-488 obtained for MSLBs comprised of
PC/PA/GSL containing integrin. Figures (a), (b) and (c) represent the FLIM obtained for CRD-Alexa647
at 6.6, 33.3 and 66.6 nM. (d), (e) and (f) represent the FLIM images obtained for integrin-ATTO488.

FLIM images of integrin shown that the lipid membrane was stable throughout the experiment

(Figure 6.51). The diffusivity of integrin remained constant at approximately 1.2 pm?/s with a

coefficient of 0.8 (Figure 6.52, right). This either indicates that the association is mainly through

the bilayer/GSL or that the CRD associates with the integrin but does not disaggregate it.
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Figure 6.52 Fluorescence Correlation Data for PC/PA/GSL (85:10:5) + o581 (LP 10) + His-tagged ANter-Gal3
(CRD-Alexa647). ACFs obtained for CRD-Alexa647 (left) and a5Sp1-ATTO488 (right).
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In presence of GSL, lipid bilayers containing integrin a5p1 show a very strong response to Gal3
as indicated by FLIM images obtained for Gal3-Alexa647 shown significant increase in brightness
indicating extensive association of Gal3 to integrin/GSL bilayer (Figure 6.53 (a-c)), which could
be related to network formation of Gal3. The FLCS results obtained for Gal3 (Figure 6.54, right)
shown that the association of Gal3 might induce local clustering or aggregation of Gal3, as the
protein diffusion decreased approximately 2 pm?/s to 0.1 pm?/s. The diffusion of Gal3 is slightly
faster than in absence of GSLs. This could suggest that GSLs promote stabilization of Gal3

aggregates in presence of integrin.

Figure 6.53 FLIM images of Gal3-Alexa647 and Integrin-488 obtained for MSLBs comprised of
PC/PA/GSL containing integrin. Figures (a), (b) and (c) represent the FLIM obtained for Gal3-Alexa647 at
6.6, 33.3 and 66.6 nM. (d), (e) and (f) represent the FLIM images obtained for integrin-ATTO488.

On the other hand, FLIM images obtained for labelled Integrin-ATTO488 shown low variation in
intensity indicating that integrin was associated to the lipid membrane across the experiment
(Figure 6.53 (d-f)). Also, the diffusivity of integrin increased from 2.0 pm?/s to 4.1 um?/s after

reaction with Gal3 as indicated in Figure 6.53 (left). This values are slightly lower than previously
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observed for integrin in absence of GSLs and might suggest that glycolipids stabilize the binding
of Gal3 to integrin.
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Figure 6.54. FLCS obtained for Gal3-Alexa647 and a5B1-ATTO488 at PC/PA/GSL (85:10:5) + a5p1 (LPR
10) bilayers. ACFs of Gal3-Alexa647 (left) indicated a reduction on Gal3 diffusion while ACFs of integrin-

488 (right) indicates an increase of integrin diffusion.

The results obtained from EIS suggest that both Gal3 and CRD impact in membrane resistivity in
a similar way. This is indicated by the decrease of the relative resistivity as shown in Figure 6.55a.
This could be related to a better permeability of the lipid membrane caused by rearrangement of
the lipids or integrin. Interestedly, the capacitance of lipid bilayers containing GSLS increased
after reaction with CRD differently to lipid bilayers prepared in absence of GSLs (Figure 6.55b).
This could be related to the binding of CRD observed in FLIM and FLCS measurements. The
capacitance of lipid membranes after Gal3 was slightly affected in presence of GSLs and increased
significantly at 40 nM. This could be related to a modulation of GSLs to Gal3 oligomerization, as
indicated by FLCS.
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Figure 6.55 Impact of WT Gal3 and CRD on PC/PA/GSL(85:10:5) membrane containing Integrin. Integrin
reconstitution were carried out at LP10. Figures (a) and (b) illustrate the change in resistance and membrane

capacitance values extracted from the EIS fit.

6.3.6. Inhibition of Galectin-3 in presence of a581 integrin in presence of GSLs
In a similar manner, the inhibition studies ware performed with Gal3 (1 pg/ml) was pre-incubated
with I3 inhibitor (Hakon Leffler, Lund University, Sweden) (10 uM) for 1h at RT. The inhibitor
I3 function by blocking the carbohydrate recognition domain, similarly to lactose. The complex
Gal3/14 was allowed to react with lipid bilayer for 30 min before FLCS measurements, shown in
Figure 6.56. The diffusivity of integrin increased modestly after reaction with pre-incubated Gal3,
from 2.4 um?/s to 2.6 um?/s, indicating that the inhibition was sufficient to prevent Gal3 binding

to integrin/GSLs.
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Figure 6.56. Inhibition binding of Gal3 to lipid bilayer containing GSL/a5B1 before (green line) and after
(red line) addition of pre-incubated Gal3-14.

6.4. Conclusion
The preliminary results indicate that a5Sp1 was incorporated to MSLBs using the two-step protocol
based on LB transfer followed by proteoliposomes fusion, as indicated by the diffusivity of integrin
and FLIM images. The role of the N-terminus of Gal3 on recruiting integrin at lipid membrane
was investigated using a truncated CRD. The difference between CRD and Gal3 observed
indicates that Gal3 requires GSLs along to integrin to promote binding and aggregation. This is
related the N-terminus responsible for oligomerization galectin responsible for recruiting integrin,
which is reflected on the increase of diffusion of integrin after binding to Gal3. This was further
confirmed by the use of inhibitors such lactose and 14 shown that inactive galectin could not change
diffusion of integrin However, the increase of lateral diffusion of a5B1 still remains to be further
studied. This work focused on inactive form of a5p1. Future work is ongoing on activated integrin

and in order to further elucidate the lattice formation of Gal3 and the consequence on a5f31.
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Chapter 7: Conclusions and Future perspectives

In this study, we have shown that artificial lipid bilayer spanned over microcavity arrays are
versatile and insightful models to better understand the complex nature of cell membrane and its
interactions with membrane proteins and membrane associating proteins. In particular, MSLBs are
a useful model of the cell membrane for applications and investigations of processes that require
high lateral mobility of membrane components or transmembrane lipid asymmetry. In this thesis
we aimed to fabricate reliable asymmetric lipid bilayers, to explore their interaction with peripheral
and integral proteins through appropriate biophysical methods, such fluorescence, impedance and

Raman spectroscopy.

One of the main focuses of this thesis has been on a demonstrating the versatility and breadth of
applications of these fluidic models for membrane associating proteins spanned over microcavity
arrays. Therefore, the study began with the characterisation of asymmetric lipid bilayers and their
impact on lipid diffusion coefficient (chapter 2). The influence of transmembrane asymmetry on
diffusion indicated that interdigitation of membrane leaflets affect the diffusion coefficient of
lipids. The diffusion of DOPE-Atto655 lipid label was highest for fluidic bilayers comprised of
DOPC alone and decreased in the following order: DOPC > DOPC/SM/Chol > DOPC/SM. These
results has an important implication in the biophysical field of artificial lipid membranes as it is
suggested that interdigitation of lipids influence the physical-chemical properties of the lipid
membrane. Our results on MSLBs suggest, in agreement with recent studies on SLBs, that the

interleaflet coupling of the lipid monolayers can modulate the overall membrane fluidity.

In chapter 2, the high fluidity of MSLBs enable the interrogation of binding of CTb to GM1 and
CTb aggregation, evaluated as function of CTb concentration. As expected, diffusion coefficient
of the couple GM 1-labelled CTb-Alexa555 was slower for membranes containing SM or SM/Chol.
Two populations were found to contribute to the diffusion model. The % contribution of the slow
diffusing fraction scaled with CTb concentration, suggesting it is CTb-crosslinked aggregates and
the diffusion of the fast component decreased, attributed to single CTb units anchored to 1, 2 or 3
GM1 units at the membrane, based on simple Saffman-Delbriick estimations of radii. Gangliosides

such as GM1 participate in a wide range of recognition and signalling processes at the cell
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membrane where signalling in many cases is driven by oligomerization or 2-dimensional network
formation. Modelling of such processes at an artificial membrane requires capability to build
transversally asymmetric bilayers but also lateral fluidity is crucial to enable bilayer organisation,
both demands are fulfilled by MSLBs. The long term objective of this work is to apply the study
the impact asymmetric MSLBs in highly relevant biological problems, for instance, how the loss

of asymmetry affects the progression of Alzheimer’s disease.

Chapter 3 further explored association of hemagglutinin (HA1) to MSLBs containing different
receptors at lipid membrane. Very few studies have been reported to date of biophyiscal influenza
models. In our platform, two parameters were varied, the membrane composition and the
ganglioside identity, and both were shown to influence in the binding HA1. Using fluidic lipid
membranes comprised of DOPC with 1 mol % of GSL asymmetrically distributed, in analogy to
the plasma membrane, at the distal leaflet, we observed that HA1 bound preferentially to GDal
than GM1 and GM3. The diffusion of bound HA1 to GDal was observed to be approximately
two-fold the value obtained for GM1 and GM3 complexes, suggesting that GSL nature could affect
the dimension of the associated HA1-GSLs complexes or penetration of bound HA1 to the lipid
membrane. The binding of HA1 to ganglioside GM1 in Lo/Ld composition showed a lower
mobility for HA1 assembly compared to more fluidic bilayers, indicating that the local membrane
composition might influence hemagglutinin-GSL recognition. We also noted that HA1 has higher
affinity at more fluidic membranes as elucidated by electrochemical studies, where the results
obtained using EIS shown more affinity for fluidic DOPC membranes than complex composition.
In agreement to that, FLCS results indicate that the mobility of bound HA 1 in SM/Chol membranes
is occurring in more fluidic domains. Overall, FLCS and EIS have shown that the fluidity of lipid
membranes affects the HA1 binding to MSLBs. These results are expected to contribute to the
influenza A understanding of viral binding and recognition to the cell membrane. A limitation of

this work is that we used only the receptor of HA1 away from the viral particle.

In chapter 4, we sought to explore the application of MSLBs to incorporation of transmembrane
protein. Chapter 4 explored the -electrochemical photo-activation of bacteriorhodopsin
reconstituted into MSLBs. This was accomplished after the incorporation of bR to proteoliposomes
comprised of DOPC using a detergent-mediated method. In order to evaluate protein incorporation

to proteoliposomes, bR was fluorescently labelled with Atto532. After reconstitution, the
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diffusivity of the lipid bilayers was evaluated by FLCS, in which the lipid diffusion was obtained
in respect of concentration of bR. The photocurrent generated after photoactivation shows that bR
retained its functionality after incorporation to MSBLs and indeed the intensity of the
photocurrent, given it is a single bilayer indicated it was highly efficient. This indicates that the
lipidic environment provided by the spanned lipid bilayer is supportive of the protein and the utility
of porous arrays. The photocurrent was determined to be related not only to the protein
concentration but also external factors, such as pH and frequency of activation. These effects were
demonstrated as the photocurrent signal detected was higher at more acidic pH. In addition, we
were able to vary the frequency of activation by using a microcontroller indicating that the
maximum photocurrent was detected at 4Hz. The rapid switching of the membrane bound bR
indicates that the proteins is fully functional and efficient in the membrane and this approach offers
the possibility to build sophisticated biomolecular switches based on membrane protein at MSLBs.
These molecular switches could be used to investigate the impact of pH changes to lipid or proteins
in real time. Also the incorporation of transmembrane protein to MSLBs open the possibility of

study pore-forming proteins, involved in active permeation of molecules.

Chapter 5 focused on oligonucleotide delivery to MSLBs. Within Keyes lab, MSLBs are being
used to study the drug permeability and a novel assay has been developed that monitors drug arrival
below the membrane from its arrival at a plasmonic hotspot within the cavity using Raman
spectroscopy. This work explored MSLBs as models of endosomal escape of ssDNA from cationic
lipoplexes at MSLBs. In chapter 6, we attempted to prepare the lipid bilayers purely by LB: 1) LB
transfer of lipid monolayer, and 2) LB transfer of subsequent monolayer. The results of point-
FLCS shown that the bilayers were well spanned over MSLBs and retain fluidic. We observed that
the maximum release of DNA was obtained when cationic lipoplexes contained a lipid helper, or
DOPE. The results presented here indicate that the platform is suitable to be used as a test to new
oligonucleotide-cargos, aiming the development of faster and more efficient gene delivery

therapies. An example of a nanocargo is the use of virosomes, as suggested for chapter 3.

Further work is ongoing concerning the study of galectin-integrin assembly at MSLBs activation
state of integrin that can impact the clathrin-independent endocytic mechanisms. In chapter 6 the
thesis is rounded out and we described the preliminary studies of the incorporation of integrin to

MSLBs using a two-step protocol of 1) LB transfer of lipid monolayer, and 2) proteoliposomes
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rupture led to formation of lipid bilayer containing integrin. Confocal microscopy and point FLCS
measurement confirmed the formation of lipid bilayers spanned over buffer filled microcavities.
We were able to achieve this spanning with asymmetric lipid composition, including GSLs.
Importantly, point measurements shown that the diffusivity of integrin was comparable to free-
standing bilayers or GUVs. Next, we explore the association of Galectin-3 to lipid bilayers
containing integrin. We observed that following administration of Galectin-3, the diffusion
coefficient of integrin increased from its original value. The investigation of invaginations-like

structures is to be determined by super-resolution microscopy and AFM.

From the success and challenges described in this thesis, the following sections outline possible
areas of improvement that could be made to the future work. In conventional SLBs, as discussed
in chapter 1, the lipid membrane constituents, such lipids and proteins, interact with the underlying
substrate hindering their lateral mobility or interfering with their functionality. The results here
presented indicate a great advantage of MSLBs over SLBs due to the lower interference of the
substrate in the membrane fluidity. However, more work is to be done in order to stablish the loss
of lipid asymmetry in MSLBs, the stability of lipid asymmetry and the influence of lipid membrane
composition (Lo/Ld) in the dynamic of lipid flip-flop.

Future investigations circa the interaction of HA with MSLBs could be conducted using virosomes
prepared via incorporation of HA into liposomes. The use of virosomes particles could to mimic
the behaviour of the influenza virus particle, which affinity, kinetic of incorporation, and gene-
delivery to MSLBS could be monitored through the biophysical techniques used in this thesis. This
could unravel other insights about the influence of lipid membrane in the influenza infection. In
addition, this study might suggest that MSLBs could be used as screening-tests for antiviral drugs,

focusing in the inhibition process of viral infection.

The further development of a more reliable fabrication methods to obtain more reproducible
substrates of PDMS microcavities is ongoing. The main drawback of dropcast of polystyrene
spheres is the variation of structure arrays that can be obtained, particularly to the spontaneous
formation of multilayers of spheres. The use of silicon or 3D-printed mould could facilitate the
production of highly reproductible microfluidic chips, while varying the cavity size and depth and
their impact in membrane properties and stability. In addition, AFM studies may provide further

characterization of mechanical properties of microcavity supported lipid bilayers can be used to
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determine lateral tension (o) and spring constant (k) of membranes spanned over buffer-filled

microcavity arrays.

In addition, a main drawback of MSLBs is the lack of extended temporal stability for membranes
spanned over gold arrays. Similarly to liposomes, the bilayer are stable for hours, typically 1-10h,
which might limit the application of MSLBs when compared to other lipid systems, such classic
SLBs. This could be improved in our platform by the development of self-healing membranes, we
the underlying cavity can act as cellular endosome to deliver lipids to the suspended membrane.
In addition, the use of single frequency EIS measurements could be tested as a rapid and efficient
way to measure the interaction of proteins/lipids with MSLBs, which would bring the platform
into the direction of a commercial device for investigation of lipid models. This is particularly
attractive for the development of new pharmaceutical drugs and would bring the technology

developed by Keyes group into another level of sophistication and excellence.
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Appendix A

Supporting information associated with Chapter 2.

Fabrication of gold microcavity array electrodes

Figure S1 represents step by step the procedure for gold microcavity array fabrication. In step-1,
Ium sphere PS (1 wt% v/v in milli-Q water) was self-assembled on plasma treated gold substrate
using drop-cast approach. After evaporation of water (Figure Sla) in step-2, the electrode was
subjected to gold deposition by submerging the electrode into electroplating solution. The growth
was monitored until the film grown up to half of the PS sphere diameter in between the intestinal
space of PS sphere and stopped (Figure S1b). In step-3, the electrode was washed with Milli-Q
water, dried under N> gas and submerged in a Imwm ethanolic solution of 6-mercapto-1-hexanol
(SH) and kept for the formation of self-assembled monolayer. After 2 days, the electrode was
removed from thiol solution and washed gently with ethanol to remove excess unbound thiol. In
step-4 the substrate was dipped in THF solution for 10 min. In this process, the PS is removed and
the microcavity array is formed (Figure S1c). The substrate was kept in PBS buffer for more than
1 hr and ready for further use. Briefly, 1um sphere PS (1 wt% v/v in milli-Q water) was self-
assembled on plasma treated gold substrate using drop-cast approach. After evaporation of water
(Figure Sla), the electrode was subjected to gold deposition by submerging the electrode into
electroplating solutions. The growth was monitored using controlled potential deposition until the
film has grown up to half of the PS sphere diameter in between the intestinal space of PS sphere
and stopped (Figure S1b). Selective SAM formation at the top interface of the array was achieved
by submerging the gold substrates in a 1 mm ethanolic solution of MH prior to the removal of the
1 um polystyrene (PS) templating spheres. As described previously, the PS spheres could prevent
the MH SAM forming at the pore interior, limiting the SAM to the interstitial planar regions at the
top surface of the array between pores!?. The chemical modification of MH treatment step
improves the stability of the bilayer due to strong wettability of gold substrate with —OH
functionalized interface. Next, the PS spheres were removed by submerging the gold substrate in
THF for 10 min to form hemisphere microcavity arrays. As described previously, this step does

not remove the SAM from the top surface and this further confirmed from EIS data (vide supra).?
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Figure S1. Schematic illustrations of step by step procedure for the fabrication of hemisphere
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microcavity array on gold substrate. (a) SEM image of PS sphere before gold deposition. (b)
Represents the current-time curve during the electrodeposition of gold solution at -0.6 V vs

Ag/AgCl. (c) Represents SEM image after PS removal. The scale bar of each image was 2 um.

Fabrication of PDMS microcavity array

Figure S2 represents stepwise the procedure for the fabrication of microcavity array in PDMS
substrate. Similarly to gold electrodes preparation, in step-1 approximately 50 puL of 4.61 pm
polystyrene spheres (0.1 wt% v/v in ethanol) was self-assembled on 1 cm x 1 cm fresh cleaved
mica sheet. The PDMS mixture (10:1 ratio) is degassed in a vacuum chamber for 30 min and the
bubble-free mixture is poured into a handmade aluminum mould to be cured at 90°C for 30
minutes. After curing, PS spheres were removed by sonicating the substrates in THF for 15 minutes

and leftover for solvent evaporation in fumehood overnight.
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Figure S2. Schematic illustrations of step by step procedure for the fabrication of microcavity array
on PDMS substrate. (a) and (b) SEM images of PDMS substrate after PS spheres removal. The

scale bar of each image was 50um and 5 pum, respectively.

Fluorescence Lifetime correlation spectroscopy (FLCS) calibration

The confocal volume was determined by prior calibration using Rhodamine 6G and Atto655,
fitting the resulting autocorrelation function using the known diffusion coefficient of the dye at 20
°C. The free diffusion of the dyes in solution following the water viscosity correction expressed

by equation (S1)*:

T 89.107*Pas (S1)

D(T) =D25°0) 358 16K n(D)

Where D is the dye diffusion and 7 is the viscosity of water.
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Lipid monolayer transfer using Langmuir-Blodgett films

Prior to filling the cavities with PBS buffer pH 7.4, the substrate is cleaned by oxygen plasma for
5 minutes and sonicated in PBS buffer for 1 hour. Usually, 50 pL of lipids (1 mg/ml in chloroform)
is added drop by drop onto the sub phase (MiliQ water, 18.2 MQ.cm) at room temperature, and
chloroform is allowed to evaporate for 10 min. The monolayers were with 4 cycles of
compression/decompression at barrier speed of 20 mm/min at final surface pressure (IT) of 35
mN.m™!. Then, the monolayer is compressed up to 32 mN.m™' and held for at least 300 s before
transfer. Lipid monolayers were transferred onto to hydrophilic gold or PDMS substrates vertically

at 5 and 10 mm/min at room temperature.
40
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Figure S3. Lipid monolayer transfer using Langmuir-Blodgett lipid films. A typical DOPC
isotherm (left) and transfer (right).
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Figure S4. Schematic illustrations of FCS measurement on buffer filled suspended lipid bilayers.
(1a) and (ib) represents the MSLBs microcavity array mounted on a confocal microscope and the

microscope apparatus used to excite the fluorophores (DOPE and CTb), respectively. (iia)
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represents fluorescence lifetime image obtained for DOPE-Atto655 on a DOPC/GM1 (1 mol%)
lipid bilayer. (iib) shows the reflectance image obtained using and OD3 filter. (iic) shows the
substrate exited with 532nm laser before incubation with CTb-A555 (no auto fluorescence is
observed). (iiia) and (iiib) shows the typical ACF curves obtained for DOPE and CTb for
DOPC/GM1 (1 mol%) lipid bilayers and the filters used in fluorescence lifetime correlation
spectroscopy. Lipid bilayer stability spanned over PDMS microcavity array: (iv) FLCS data
obtained for a DOPC bilayer containing GM1 (1 mol%) in the distal leaflet. Initial measurement
after sample preparation (black), after 24 hours (red) and after 48 hours (blue). (v) FLCS data
obtained for an asymmetric lipid bilayer comprised of DOPC (proximal leaflet) and DOPC/SM
(1:1) containing GM1 (1 mol%) in the distal leaflet after sample preparation (0 hour, black) and
after 5 hours (green). The lines represent the fitting to the 2D diffusing model. (vi) FLCS DOPE-
Atto655 autocorrelation curves (ACFs) obtained for asymmetric and symmetric lipid bilayers

spanned over microcavities arrays.

Cholera Toxin Controls with lipid bilayers lacking GM1

The diffusion of CTb in solution was calculated by fitting the ACF (black open circles) displayed
in Figure S4a using a pure free diffusional model and found to be around 54 + 3 um?.s”'. This value
was used to estimate the pentameric radius of CTb (rCTb) using Stokes-Einstein relation: rCTb =
KT/6mp’D, for bulk solution viscosity (i’) of 0.001 Pa.s at 20°C (T), K is Boltzmann constant and
D is the obtained CTb diffusion. rCTb obtained of approximately 3.7 nm is in agreement to CTb
radius previously reported.’ Table S1 shows the results of lipid bilayers without GM1 showing

non-specific interaction to lipid bilayers containing sphingomyelin and cholesterol.
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Table S1: Resistance and capacitance data for MSLBs at a fixed concentration (40 nm) of CTxB.

Results presented reflect the change (A) recorded following CTb addition, relative to bilayer prior

to CTb interaction and the non-specific adsorption to the lipid membrane were evaluated in

presence of sphingomyelin and cholesterol.

Lipid composition AR (kQcm?) AC (uF/cm?)  Slow CTb (pm? Pop (%)
sh
Sym DOPC 0.05+0.01 -0.440.01 11.12+£2.51 65
sym DOPC/SM/Chol (2:2:1) 0.66+0.02 -1.340.12 1.50+0.20 80
a) °7 o oorc b) 7 o popc/smichol <), ok . oooec ]
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Figure S5. Electrochemical impedance spectra for microcavity array based supported lipid bilayers

on gold electrodes with (red) and without (black) the presence of CTb. a) Illustrates EIS data of

symmetric DOPC bilayers with and without CTb. b) Represents the respective EIS data without

the presence of CTb for symmetric raft-composition bilayers comprised of DOPC/SM/Chol (2:2:1)

(mol/mol/mol). The EIS data are recorded in the presence of 1 mM [Fe(CN)s]*”* internal redox
probe in 0.1 M KCI electrolyte solution in PBS buffer at the potential of +0.26 V vs. Ag/AgCl (1
M KCI). c) Shows the ACF curves obtained for free diffusion CTb-A555 in PBS (pH 7.4) (black

circles), at the membrane surface of symmetric DOPC lipid bilayers (blue circles) and

DOPC/SM/Chol (2:2:1) (mol/mol/mol) (red circles).

Fluorescence Lifetime Spectroscopy (FLIM) of bound CTb
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Figure S6. Fluorescent lifetime imaging decay of labelled CTb-Alexa555 for composition
DOPC/SM/Chol (4:4:2 mol %) + GM1 (1 mol %).
Table S2. Fluorescence lifetime of CTb-AS555 after binding to GM 1 in asymmetric and symmetric

lipid bilayers.
Asym Asym Sym Sym
Asym DOPC y Y Y Y
DOPC/SM/Chol ~ DOPC/SM  DOPC/SM/Chol ~ DOPC/SM
Ex/Em + GM1 (1
o Q:2:)+GM1  (I:D+GMI (I 2:2:1+GMI (1 (1:1)+GMI1
mo
’ (1 mol%) mol%) mol%) (1 mol%)
A T TAmp T TAmp T TAmp T TAmp T TAmp
(nm) (ns) (%) (ns) (%) (ns) (%) (ns) (%) (ns) (%)
R R . T T
CTb- 3.12 271 3.00 2.84 334
R 555/580
555 n- &= - o o
’ 80 ’ 77 ’ 80 ’ 84 ’ 74
0.67 0.77 0.74 0.78 1.03
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Table S3. Lateral diffusion of labeled CTb-A555 and population of fast and slow diffusing against
CTb unlabelled concentration. The asymmetric lipid bilayers comprised of DOPC +GM1 with
Imol% and 5%mol% of GM1 in the distal leaflet.

Dy (um?s!) Population CTb Number of
Distal leaflet CTb
.. %P, molecules
composition (nM) D, fast %P ., fast
slow CTb (Nem)
4 5.23+3.29 100 - 5.54 +£4.09
DOPC + 1% 10 443 +1.46 67.1£243 329+233 446+1.51
(mol) GM1 40 474 +0.89 283+14.5 717+ 144 534+247
80 2.51+0.79 57+£23 943+23 2.69+1.12
4 8.18+1.75 100 - 443 +1.13
10 5.30+1.09 100 - 5.07+1.41
DOPC + 5%
20 472+ 1.16 892+1.2 10.8+1.2 7.59+2.02
(mol) GM1
40 236+1.12 82+57 91.8+5.7 4.02+1.15
80 1.93 + 0.69 9.7+89 90.2+5.6 3.34+1.98
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Table S4. Lateral diffusion of labelled CTb-AS555 and population of fast and slow diffusing against

CTb unlabelled concentration. The asymmetric lipid bilayers comprised of DOPC/SM (1:1)
(mol/mol) + GM1 with 1 mol% and 5 mol% of GM1 in the distal leaflet shown the effect of SM

containing membrane in CTb diffusion within CTb concentration.

D m2.s’! Population CTb Number of
Distal leaflet e (! ) opuiation Dpope
- CTb (nM) molecules CTb
composition D, fast %P, fast %P, slow (New) (um?2.s)
4 1.76 £ 0.64 54 +27 55+31 728 +£2.67 54+1.1
DOPC/SM
10 1.10£0.97 29+ 26 71+26 447+ 381 50+£0.9
(1:1) + 1%
(mol) GM1 20 0.87+0.43 23+25 77 £ 25 8.44+ 731 4.0+0.7
40 0.36 +£0.37 19+ 19 81+£19 438 +£3.37 20+0.8
DOPC/SM 4 0.60 +0.19 36+£29 64 +29 4.86 + 3.45 53+1.0
(L1:1)+5% 10 0.41+0.21 18 +8 88+ 12 3.21+£2.16 43+1.1
(mol) GM1 20 0.20+0.29 7+11 95+5 3.13+1.87 24404
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Appendix B

Supporting information associated with Chapter 3.

Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), porcine brain N-(octadecanoyl)-sphing-4-
enine-1-phosphocholine (SM), cholesterol (Chol), ganglioside GM1, GM3 and GDla were
purchased with maximum degree of purity (> 99%) from Avanti Polar Lipids (Alabama, USA)
and used without further purification. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine labelled
Atto655 (DOPE-ATTO655), sphingomyelin-ATTO647n (SM-ATTO647n) and 532-ATTO-NHS-
ester (ATTO532) were purchase from ATTO-TEC GmbH (Siegen, Germany). Hemagglutinin
HA sub-unit (Recombinant Influenza A virus proteins, subtype H3N2, A/Aichi/2/1968, His Tag)
was purchased from Invitrogen ThermoFisher. Aqueous solutions were prepared using Milli-Q
water (Millipore Corp., Bedford, USA). Polydimethylsiloxane silicon elastomer (PDMS) was
purchased from Dow Corning GmbH (Wiesbaden, Germany) and mixed following supplier
instructions. Silicon wafers coated with a 100 nm layer of gold on a 50 A layer of titanium were
obtained from AMS Biotechnology Inc. The monodisperse polystyrene latex sphere with a
diameter of 1 um was obtained from Bangs Laboratories Inc. The commercial cyanide free gold
plating solution (TG-25 RTU) was obtained from Technic Inc. All other HPLC grade reagents

were obtained from Sigma-Aldrich and used as obtained.

Liposome preparation

Briefly, in this work, liposome fusion was used to form the distal lipid leaflet of microcavity
supported lipid bilayers (MSLBs). To prepare the liposomes, stock solutions of all vesicle
components such as DOPC, brain sphingomyelin and cholesterol 50 mg/mL each, and GM1 (1
mg/mL), GM3 (1 mg/mL) and GD11 (1 mg/mL) were prepared in chloroform and stored in sealed
glass vials at -20°C. Fluorescence labelled DOPE-ATTO655 was mixed in a ratio of 50000:1
mol/mol with unlabelled lipids for fluorescence correlation spectroscopy (FLCS) studies. For
electrochemical measurements, as electrochemical impedance spectroscopy (EIS) is label-free,
fluorescent probe was not included during the preparation of liposomes. Aliquots of the

appropriate amounts of the stock solutions were mixed in clean amber glass vials and dried under
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a gentle stream of nitrogen and placed under vacuum for 1 h. The lipids were rehydrated in 1 mL
of PBS buffer (pH 7.4) and vortexed vigorously for at least 60 s. Large unilamellar vesicles (LUVs)
were prepared by extruding the multilamellar vesicle suspension 11x against a polycarbonate
membrane (0.1 pm pore size) using a mini-extruder (Avanti Polar Lipids). The LUVs were diluted
to 0.25 mg/mL. Liposomes composed of SM were extruded at 45°C, above the SM transition
temperature, to guarantee that vesicles are in the fluidic state. Figure S1 shows the size distribution
of the liposomes obtained by dynamic light scattering (DLS) before (Figure Sla) and after

extrusion (Figure S1b).
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Figure S1 — Size distribution of liposomes obtained by DLS (a) before and (b) after extrusion
against polycarbonate membranes of 0.1 pm diameter pore size. The average size of liposomes

after extrusion was 120 nm with polydispersity index (PDI) of approximately 0.1.

Fluorescent labelling of HA

For FLCS measurements, HA; was labelled with ATTO532 NHS-ester (ATTO-Tec GmbH)
following the method suggested by the seller. The conjugation was performed by reacting to the
succinimidyl ester moiety of ATTO dye with terminal amines in the protein at basic pH. To avoid
ester hydrolysis and therefore inactivation of the dye, ATTO532 NHS-ester was diluted in
anhydrous DMSO (HPLC grade). Briefly, HA| was diluted in PBS buffer (pH 8.3) to the final
concentration of 0.2 mg/mL. ATTO532 ATTO532 NHS-ester was added to 400 uL of HA; in a
molar ratio of 3:1 of dye to protein to ensure adequate reaction with protein. The reaction was
conducted under gentle agitation for 1 h at room temperature in the dark. The labelled protein was

separated from unreacted dye by dialysis in a centrifugal filter membrane (AMICON 10 kDa) at
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10000 RPM for 15 min. The process was repeated 6 times by the addition of 1 mL of PBS buffer
pH 7.4 each time. The labelling of HA; was determined by UV-VIS spectroscopy (Figure S2) and
by the lateral diffusion of the protein in solution measured by FLCS by fitting the autocorrelation
functions (ACFs).

(@ (b HA,-ATTO532

o© o o
> o) [

Normalized Absorbance
o
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Figure S2 —Normalised Absorbance spectrum of labelled HA after reaction with ATTO532-NHS-
ester. The insertions (a) and (b) indicates the maximum absorbance of trypsin and tyrosine with

the probe maxima marked in yellow.!*

Electrochemical Impedance Spectroscopy

Electrochemical impedance measurements were performed on a CHI 760e bipotentiostat (CH
Instruments Inc., Austin, TX) in a three-electrode cell consisting of a Ag/AgCl (1 M KCl) reference
electrode, platinum coiled wire as a counter electrode and the gold substrate with microcavity array

1>+ was used as an internal redox probe in 0.1 M

served as the working electrode. 1 mM [Fe(CN)s
KCl electrolyte solution in PBS buffer. The EIS recording was performed in the frequency region
between 10* and 0.01 Hz with a bias potential of 0.26 V vs Ag/AgCl. The impedance spectra were
fit to an equivalent circuit model (ECM) as described previously * and the same has been shown
in Figure 1a (inset) main text. In the circuit, Ry is the solution resistance, Ry, and CPE ; represents
the resistance and constant phase element of the membrane and R, and CPE ¢ represents the cavity

resistance and constant phase element of the gold substrate. The constant phase elements (CPE)

were used in the equivalent circuit to provide to account for the heterogeneity of the SLBs in
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microcavity array. The quality of fit was assessed from % values and visual inspection. The

impedance of the CPE can be calculated using Eq. (S1);

_ 1 (S1)
Zere = QGwyP

where Q and the exponent f represent respectively the CPE and an empirical constant related to
the frequency dispersion. When £ close to 1, it behaves like an ideal capacitor, and when < 1,
the capacitance depends on the frequency. From our fitting using the ECM model, we obtained a
p value in the range of 0.93-0.96. Note the membrane capacitance values are reported are not a
true capacitance value rather it is CPE (Q) values which do not depend on any particular frequency
unlike a true capacitance value (which is frequency dependent). Note, the relative change in

resistance and capacitance values are not normalized with respect to electrode surface area.
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Figure S3 — a) Representative relative change in capacitance of DOPC membranes with varied
embedded receptors upon HA| interaction. b) relative change in capacitance of different membrane

compositions with GM1 receptor upon HA interaction.

Hill-Waud binding model:
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The relative change in membrane resistance from EIS data for different lipid compositions versus
HA1 binding concentrations (see Fig. 2a, main text) were fit iteratively to the Hill-Waud

expression, as defined by equation (S2) and the extracted fit data are shown in Table S1.

AR (OO
AR — sat
(Kp)t+( O

(82)

where AR is the change in membrane resistance, defined by RS, — REA1 AR,,, is absorption
capacity or change in resistance at maximum surface loading that relates to the number of available
binding sites, K is the empirical apparent equilibrium dissociation constant, C is the concentration
of the HA| and n (dimensionless) is the Hill coefficient of cooperativity.* The “n” constant in the
Hill-Waud model (Eq. S2) relates to the strength of the adsorption or often relates to cooperative
effect.” n<1 indicates chemically mediated absorption i.e., multiple binding sites with a different
affinity (negative cooperativity), n =1 reverts the expression to Langmuir isotherm, where all
binding sites are equal, i.e. non cooperative equilibrium binding, and n > 1 indicates positive

cooperativity.

Table S1. Data obtained for HA: by fitting relative change in resistance (AR) of different lipid

compositions to Hill-Waud model.

membrane composition  Kp (nM) ARzt (MQY) n R?

DOPC/GM1 41.3+9 2.11£0.27 1.81 0.97
DOPC/GM3 23.9614 0.25%0.02 1.45 0.98
DOPC/GD1 17.47+2 1.66+0.08 2.56 0.97

Binding of HA| to MSLBs in absence of GSLs

Control experiments were carried out to bare lipid membranes comprised of DOPC and
DOPC/SM/Chol (4:4:2) without GSLs. The results obtained have not shown non-specific binding
of HA| to MSLBs in absence of GSLs as the membrane resistivity remains constant after exposing
the lipid bilayers to HA| for 30 min. Figure S4 shows the results obtained for bare DOPC bilayer
(Figure S4a) and to the complex lipid bilayer (Figure S4b).
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Figure S4 — Electrochemical Impedance Spectroscopy of control experiments without GSLs. (a)
Symmetric DOPC lipid bilayers and (b) symmetric lipid bilayers comprised of DOPC/SM/Chol
(4:4:2). Non-specific binding was not observed after reacting to the lipid bilayers with HA (40
nM) for 30 min.

Fluorescence Lifetime Correlation Spectroscopy

FLCS measurements were performed at PDMS-MSLBs (Figure S5) platform where the labelled
phospholipid DOPE-ATTO655 was introduced to the distal leaflet during the liposome fusion. The
conjugated HA1-ATTOS532 was inserted in the microfluidic device by the tubing port connection
and was left to equilibrate for 1 hour. After, the microfluidic chamber was rinsed with 1 mL of
PBS buffer in order to remove any unreacted protein. The autocorrelated data obtained for labelled

DOPE-ATTO655 and bound HA1-ATTO532 were fitted to 2D diffusion model (Eq. S3).

co=5[1+ [ 3

The lateral diffusion of labelled HA1-ATTOS532 and the free ATTO532, e.g. unbound dye in PBS
buffer, were calculated by fitting the ACFs obtained in for 10 nM solution of each molecule to a
3D model (Eq. S4). The Equation S4 includes a k term, which defines the shape of the confocal

volume.
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Figure S5 — (a) Schematic representation of bound HA; to gangliosides at MSLBs. (b)
Representative autocorrelation functions (ACFs) obtained for labelled DOPE-ATTO655
incorporated into DOPC (blue circles), POPC (red circles) and DOPC/SM/Chol (4:4:2) (grey
circles) MSLBs doped with GM1 (1 mol%). (c) Representative fitted ACFs of bound HA; to
DOPC lipid bilayer doped with GD1a (1 mol%) at different HA| concentrations, indicating the
absence of protein aggregation. (d) Intensity time-trace obtained at different concentrations of
HA1-ATTOS532 (10 nM (red), 40 nM (blue), 80 nM (green)) to DOPC bilayer containing GM3 (1

mol%).
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Figure S6 — FLCS of labelled SM-ATTO647n obtained from DOPC (blue circles) and
DOPC/SM/Chol (4:4:2) (black circles) MSLBs.

Saffman-Delbriick (SD) model:
Due to the suspended character of planar MSLBs, where both leaflets are in contact with bulk
aqueous phase, we assume the Saffman-Delbriick model (Equation S5) applies and this was used

to estimate the diameter of the membrane associated complex.

=2 (in(22) - y) (S5)

4muh E

Where D is the lateral diffusion obtained from FLCS, K is Boltzmann constant, T is the absolute
temperature, 7 is the radius of the cylindrical membrane inclusion, h is the membrane thickness, y
is Euler-Mascheroni constant (approx. 0.577), u and p' are the membrane viscosity and the bulk
solution viscosity, respectively. The parameters used to estimate the membrane associated
complexes were membrane height h = 3.8 nm, viscosity of the surrounding media y' = 0.001 Pa.s

and membrane viscosity u = 0.05 Pa.s.
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Table S2. Lateral diffusion of labelled HA-ATTOS532 obtained after binding to lipid membranes
containing GM1 (1 mol %) in different lipid systems, from FLCS. The lateral diffusion of DOPE-
ATTOG655 decreases with membranes fluidity, here expressed by the DOPE diffusivity.

Lateral Diffusion

(um’s™)
Lipid bilayer + GM1 (1 mol %) Nhat
HA, DOPE-

ATTO532 ATTO655

DOPC 5004 10.0£0.5 6.3+£0.6

POPC 33+04 63+06 35+04

DOPC/SM/Chol (4:4:2) 1.8+0.5 3004 2.0+0.6
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Appendix C

Supporting information associated with Chapter 4.
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Labelling of bacteriorhodopsin for Fluorescence Lifetime (Cross)Correlation Spectroscopy -

FLCCS/FLCS

The incorporation of bacteriorhodopsin (bR) to proteoliposomes and to MSLBs was conducted
using fluorescence studies, such FLCCS and FLCS. To do so, bR was marked ATTO-532 using
NHS-ester coupling to an amino residue to covalently bound the ATTO dye to the protein. The
labelling procedure used was provided by ATTO-TECH and followed as it is. The labelling
efficiency was evaluated by UV-Vis spectroscopy and the degree of labelling (DOL) was measured
after dialysis of unreacted ATTO532 dye from the labelled protein. Figure S7 shows the UV-Vis
absorption spectra of unlabelled bR (black line) and labelled bR-ATTOS532 (green line). The DOL
was calculated by comparing the absorbance of protein versus labelled protein using equation S1,

indicating a DOL of approximately 60%.

AprT0532 - €DR280

DOL = eq. (S1)

(AbR,ZSO - AATT0532) - EATT0532

Here the extinction coefficient of ATTO532 at 532nm and bR at 280nm were sattos32 = 1.15x10°
M-lem™ (1) and ebras0 = 63000 M'em! (%), respectively.
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Figure S1. UV-Vis spectra of bR after NHS-ester coupling of bR with ATTO532. The grey
insertion represents the aromatic amino acids (a.a.a) absorption region.” The purple insertion

illustrates the bR-ATTO532 conjugate absorption with maximum absorbance 530-550 nm.

Determination of optimal Titron-X100 concentration for protein incorporation

The optimal concentration of Titron-X100 for the protein incorporation using liposomes comprised
of DOPC was determined by the change on the optical density of the liposomes solution, as
previously proposed (*). Additionally, the change on the liposomes size was monitored by
Dynamic Light Scattering (DLS) (Malvern, Zetasizer). The objective of this method is to create
spaces into the liposome with the detergent and fill the gaps with bR. The UV-Vis (Figure S5,
open blue circles) shows that the optical density (OD) of the solution against 540 nm initially
increases to around 2 mM of Triton X-100. Then OD linearly decreases until approximately 10.5
mM of Triton X-100. At this point, the liposomes are partially to completely dissolved by the
detergent in solution.* The size of liposomes monitored against detergent concentration indicates
that the liposomes swell due to the insertion of detergent to the lipid bilayer until disruption at 10
— 11 mM. (Figure S5, black circles) Therefore, to avoid partial disruption of the liposomes during

bR incorporation, the concentration of Triton X-100 used in this work was 5 mM.
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Figure S2. Titration of DOPC liposomes (4mg/ml) against Triton X-100. Blue open circles express

the OD collected at 540nm. Full black circles correspond to the size of the liposomes measured by

DLS.
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Electroplating of Gold

In order to obtain a semi-hemispherical gold microcavity array, gold was electrodeposit to pre-
casted monolayer of polystyrene microspheres using a cyanide free electroplating solution
(Technic Inc.) The gold solution was purged with nitrogen for at least 30 min before reaction. Gold
was electrodeposited at -0.6 V (vs. Ag/AgCl) using a 3-electrod set up with the gold array as
working electrode, Ag/AgCl (KCl 1M) as reference electrode and a platinum wire as counter-
electrode. The gold deposition was controlled by the evolution of current over time (Figure S3a).
The electrodeposition was stopped at the lower current, which represents when metal had grown
to the hemispherical point of the PS spheres. To remove residual electroplating gold solution, the
resulting substrate is rinsed with deionized water, ethanol and dried under nitrogen flow. Then, the
substrates were electrochemically cleaned in H2SO4 (10mM) through cyclic voltammetry (Figure
S3b). The substrates were then submerged in 1 mM 6-mercapto-1-hexanol in ethanol to allow self-
assembled monolayer formation (SAM) overnight (Figure S3¢). After SAM formation the PS
spheres were removed by sonicating the substrates in THF for 5 min. To prefill the microcavities
with the conducting electrolyte the substrates were sonicated in 0.1 M KCI for 10 minutes prior to

lipid bilayer assembly.

a) 1,600 —No sulfuric acid cleaning c)

—Sulfuric acid cleaning

—Bare Gold (No SAM)

ent (mA)
z"(Q)

Current(mA)

0 100 200 300 400 500 600 700 800 0 500 1,000 1,500 2,000

time (s) Potential applied (V) 70

Figure S3. (a) Time-current of gold electroplating. (b) Sulphuric acid potential cycling cleaning of
gold microcavity arrays before (black line) and after (red line) 6 cycles at 40 mV/s versus
(Ag/AgCl) reference electrode. (¢c) Shows the Nyquist plots obtained after formation of self-

assembled monolayer (SAM) of 6-mercapto-1-hexanol over gold-microcavity arrays before (black
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line) and after (red line) potential cycling cleaning. Green line represents the impedance
spectroscopy of a bare gold substrate without SAM. The impedance was evaluated in 1 mM of
ferricianide/ferrocyanide (Fe**/**) with 0.1M KCl at 0.26V against (Ag/AgCl) reference electrode.

The frequency range of measurement was 10* Hz — 10! Hz.

Characterization of PDMS and Gold pcavity arrays

The lipid bilayers comprised of DOPC/bR were spanned across PDMS and Gold arrays prepared
using polystyrene (PS) spheres templating. In order to obtain a highly closed packed array, the
Gold arrays were prepared by gravity-assisted lithography of PS, followed by gold electroplating.
The dimensions of microcavities were analyzed with FESEM as illustrated in Figures S4. Top line
shows the microcavity arrays obtained after gold electroplating and PS removal, indicating the
highly ordered closed packed arrays over micrometer range. In order to highlight the lateral
structure and the individual cavities dimensions on gold-arrays, tilted (+25°) and profile images
were collected (bottom line), indicating depth and diameter of approximately 0.5 pm and 1 pm,

respectively.

Figure S4. Field Emission Scanning Electron Microscopy (FESEM) of gold microcavity array

formed by gold electrodeposition to pre-casted PS microspheres (1 um) monolayer. The top line

shows the hexagonal highly ordered array from topview. The tilted and profile images in the
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bottom line illustrates the lateral and axial dimensions obtained for gold microcavities to be

approximately height = 0.50 um and diameter = 1 pm.

Figure S5. Scanning electron microscopy (SEM) of PDMS microcavity arrays. Top shows the
microcavity array after PS removal over a large area and a tilted close to the array, respectively.
Figures (c) and (d) show the profile structure of individual microcavities. The dimensions obtained
for the microcavities were approximately height = 3.2 pm, diameter = 4.5 pm.

Electrochemical Impedance Spectroscopy and Chronoamperometry of DOPC lipid bilayers

Figure S6a shows the Nyquist plot obtained after incorporation of bR to MSLBs. The impedance
was evaluated in 0.1 M KCl as supportting electrolyte (pH 5.5) at OV (vs Ag/AgCl) using an AC
amplitude of 0.01 V with a frequency range of 10* Hz to 10"' Hz. The membrane resistivity (Rm)
and capacitance (Cm) obtained for the lipid membranes after fitting to model previously reported
are displayed in table S1. The membrane resistance and capacitance are in accordanc The values
obtained from Rm and Cm of DOPC previously reported by DOPC lipid bilayer were
approximately 6 MOhm and 6.1 pF.Sm-1. which is in good agreement with to previous values

reported by our group® and those reported tethered supported lipid bilayers.°

Table S1. Electrochemical properties of lipid bilayers containing bR.
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bR (mol %) Rm (MQ) Cm (uF.S™")

0.01 4.8+0.8 3.1+0.1
0.03 3.7+0.5 4.5+0.1
0.3 22+04 6.3+0.2

3 1.2+0.2 8.7+0.3

Figure S6b shows the photocurrent response of a DOPC bilayer in absence of bR to the 2 mW
LED at wavelength 550 nm. Here, a sharp photo-current signal of approximatly 7 nA/cm? was
observed with LED switched on. This small contribution to a change in current may be an artifact

of the photoelectric effect or due to static interference to the electronic aparatus.

3x10° 4 200
= 0.01mol %
0.03 mol% b)
= 0.3 mol% << 1504
3 mol% 5
2x10° %
= 100+
g 5
N 5 504
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Figure S6. (a) EIS of MSLBs containing bR. (b) Photo-current of a gold-MSLB comprised of

DOPC, i.e. background photocurrent in absence of reconstituted bR.
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Table S2. Fitted decays of bR at different concentrations. A represents the amplitude and t decay

time.
Photoactivation Photodeactivation
Concentration
0 Islow
Of bR (mol%) Ifast (nNA/cm2) Tast (S) Tslow (S) I (nA/cm2) T (8)
(nA/cm2)
3 208.3+31.2 0.037+£0.06 23754 0.365+0.025 -133.5+15.2 0.155+0.057
0.3 889+ 154 0.026+0.04 56716 0276+0.024 -47.5+10.7 0.122+0.026
0.03 203+7.5 0.031+£0.03 2.73+£04 0.321 +£0.031 -23.2+63 0.134+£0.018
0.01 437+1.2 0.021+£0.02 047+0.02 0.252+0.012 -13.1+4.2  0.112+£0.027

Table S3. Kinetics of photoactivation of bR-MSLBs containing 3 mol% of protein within a range

of pH (3.5 9.5).

Photoactivation (ON)
PH f o (5) liow (MA/EM2)  tyow (5)
(nA/cm2)

3.5 131.8+27.2 0.021 +0.003 52+1.6 0.178 £0.021
4.5 133.5+25.4 0.029 +0.006 12.1+£3.3 0.192+0.018
5.5 153 £31.7  0.027 £0.005 7.8+2.5 0.272 +£0.022
6.5 22.4+£9.8 0.031 +0.006 93+22 0.306 + 0.036
7.5 171+£3.6  0.029 £ 0.004 62+1.5 0.421 +£0.052
8.5 32.1+75 0.032 +0.007 2.6+1.1 0.698 +0.041
9.5 62.9+13.7  0.029 +0.005 1.2+0.8 0.783 +£0.083
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Figure S7. Fitted photocurrent decays of bR-MSLBs. (a) and (b), (¢) and (d), (e) and (f), (g) and
(h) show the fitted decays of activation and deactivation of bR-MSLBs containing 3 mol%, 0.3
mol%, 0.03 mol% and 0.01 mol% respectively.
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Figure S8. Z-scan obtained for Microcavity Supported Lipid Bilayers at a single cavity. a)
Schematic representation of the position of the confocal volume within the substrate. b) Indicates
the lateral diffusion of labelled DOPE-ATTO655 within the focal plan of the sample. c¢) Actual

image obtained from the focal spot using a CCD camera.
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Membrane impermeable probe pyranine was introduced in the pores of the array before assembly
of the bilayer presonicating the microcavity arrays in 1 uM pyranine solution. After, we prepared
a lipid bilayer using the method here, by LB followed by proteoliposomes fusion. The substrate
was imaged using a confocal microscope (Leica TCS SPS8, Ex: 405 nm, detection window 440 -
470nm). As shown in figure S9, we observed that after the bilayer preparation, the dye remain
encapsulated within the microcavities, which indicate the bilayer is both suspended across the pore
aperture and forms an effective impermeable seal, this persists in this way for several hours up to

days

Figure S9. Membrane Leakage test using membrane impermeable probe pyranine. The pryanine
is introduced by sonication in solution into the microcavities by prior to monolayer transfer and
proteoliposomes fusion. We observed that once the bilayer is in place the pyranine was retained
within the cavity with no loss of emission intensity over the window of our experiments confirming

the bilayer was spanning and its integrity maintained during our experimental windows.
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Appendix D

Supporting information associated with Chapter 5.

S1

A typical Surface-Enhanced Resonance Raman Spectroscopy (SE(R)RS) spectrum of a membrane
impermeable dye, DRAQ7 (1uM) as measured in PBS solution. Excitation wavelength used is 785nm with

a laser power of 5uW at the sample. Spectrum was de-noised with a 3-point moving-points averaging.
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Fig. S1
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S2

To confirm the membrane remained intact throughout the OCR experiments, ‘leak test’ was performed at
t=120min post lipoplex administration. Briefly, at the end of each OCR experiment, about 60ul of DRAQ7
(1uM) was introduced into the microfluidic bearing the MSLB and incubated for about Imin. Raman
measurements were then measured immediately at 785nm (SuW) (green curves in Fig. S2a and S2b) to
verify the absence of DRAQ7 SE(R)RS signals from within the cavities as one would expect for a
membrane impermeable dye. The MSLB was then irradiated further for 2min but with a 10% increased laser
power to induce localized plasmonic heating at the laser spot that disrupt the membrane. Following this,
the laser power was returned to SuW, before a second spectrum was acquired (see schematic show in
Fig.S2a). Fig. S2b and S2c show the ‘leak test’ results corresponding to Cy5-ssDNA-DOTAP and Cy5-
ssDNA-DOTAP/DOPE lipoplexes, respectively. As can be seen, DRAQ7 spectra were only detected after

the membrane has been disrupted.
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S3

To verify that Cy5-SE(R)RS spectrum was detectable only when Cy5-ssDNA was completely released or
dislodged from the lipoplex, an array of Au 750nm cavities was incubated with 60ul Cy5-ssDNA loaded
lipoplex solution (from the stock prepared as described in the Methods section and with no dilution) for
about 3min before SE(R)RS measurements were performed on the array at 633nm (4.5uW). The same
experiment was repeated, but with 60l solution containing Cy5-ssDNA loaded lipoplex mixed with 1mM
Trix-X, which lysed the lipoplex. Fig. 3a and 3b show the Cy5-SE(R)RS spectra for Cy5-ssDNA-DOTAP
and Cy5-ssDNA-DOTA/DOPE lipoplex respectively. Cy5-SE(R)RS spectra agree with previously
published results [ Physical Chemistry and Chemical Physics 9, 6016-6020 (2007)].
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S4
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Figure S3 — A) Diffusivity of Cy5-ssDNA in PBS (pH 7.4) solution obtained by FLCS. The lateral diffusion
of free ssDNA was determined to be approximately 170 um?/s. B) FLCCS of lipoplex after dialysis.

S5

Using Stokes-Einstein relation (Equation AR1.2) the hydrodynamic radii of ssDNA is therefore estimated

to be approximately 4.5 nm.
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Fig. S5 — Diffusivity of Cy5-ssDNA in PBS (pH 7.4) solution obtained by FLCS. The lateral diffusion of

free ssDNA was determined to be approximately 170 um?/s.
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