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Chapter 1

Supported lipid bilayers for the generation of dynamic
cell-material interfaces’

Herein we present the state-of-the-art in supported lipid bilayers (SLB) based technology.
The fabrication, analysis, characteristics and modification of SLBs are described in great
detail. Numerous strategies are described to form SLBs on different substrates and the
means to patterns them. The use of SLBs as model membranes for the study of membrane
organization and membrane processes in vitro is highlighted. In addition, the use of SLBs as
a substratum for cell analysis is presented where we discriminate between cell-cell and
cell-extracellular matrix (ECM) mimicry. Finally the potential for the in vivo application of
SLBs is demonstrated and an outlook of the research described in this thesis is presented.

“Part of this Chapter has been published in: J. Brinkmann, E. Cavatorta, S. Sankaran, B. Schmidt, J.
van Weerd and P. Jonkheijm; Chem. Soc. Rev. (2014) vol. 43, p.4449-4469
J. van Weerd, M. Karperien and P. Jonkheijm (2014) manuscript in preparation



Supported lipid bilayers for the generation of dynamic cell-material interfaces

1.1 Introduction

In nature, virtually all cells make use of a membrane to separate and shield its
components from the outside environment. The cellular membrane structure is based on
a two-ply sheet of lipid molecules that are highly dynamic, ordered and decorated with a
wide range of biomolecules in a spatiotemporal controlled fashion. This complex interface
is crucial for cell function in e.g. transport and complex intracellular signalling processes.l'3
Capturing the complexity of this interface between the cell’s interior and exterior is a
daunting task and up to this day it remains challenging to assess in living cells despite
impressive progress in spectroscopic techniques. To further our understanding and study
and mimic these interfaces, synthetic architecture analogues that are capable of
dynamically presenting biological ligands are investigated.

Figure 1.1: Overview of various dynamic biological architectures; i) vesicles, ii) self-assembled

amphiphiles, iii) hydrogels, iv) self-assembled monolayers and v) lipid bilayers each of which can be
designed to dynamically present ligands (red) required for specific engagement with cells. Reprinted
with permission.4 Copyright 2014, Royal Society of Chemistry.

2



Chapter 1

Here, control over ligand characteristics, like mobility, density and presentation, are
paramount to recapitulate the complexity of the cell membrane and associated processes
to understand and steer biological function. A variety of dynamic biological architectures
have been developed to investigate cell interaction (Figure 1.1).* Generating such
architectures often combines supramolecular assembly with fabrication techniques,
adaptive chemistry, modern molecular biology and imaging techniques for their analysis.
In addition, the use of reversible chemical strategies is a rewarding task in the
development of functional materials and devices. Making use of bottom-up self-assembly,
ligand distribution at predefined locations can be modulated.

For an overview of the various strategies that have been used to fabricate dynamic
biological architectures for exploring their interaction with cells, such as protein/peptide
scaffolds, amphiphile nanostructures, dynamic self-assembled monolayers and DNA-based
nanostructures the reader is referred to a recent review by Jonkheijm and co-workers.* In
this review, the focus lies on providing the reader with a comprehensive overview of the
work that has been performed on model cell membranes and in particular supported lipid
bilayers (SLB). We start by recapitulating key characteristics of natural cell membranes and
its constituents and then continue by summarizing the various methods that exist to
mimic this highly complex, multi-molecular biological structure. Herein, formation and
modification of model membranes and characterization strategies are discussed. The in
vitro use of model membranes for studying membrane composition to increase our
understanding of cellular processes is described. Also, efforts to mimic cell-cell and cell-
extracellular matrix (ECM) contacts using model membranes are given. Finally, the
potential of exploiting SLBs for in vivo applications is demonstrated.

1.2 The natural cell membrane

In vivo, the cell membrane forms a physical barrier between the intra- and extracellular
compartments. It plays a critical role in cell-cell communication, signal transduction and
transport (Figure 1.2). The cell membrane is a highly complex system consisting of a
phospholipid bilayer in which a variety of proteins is embedded or anchored. This system
was described by Singer and Nicholson in 1972 using the ‘fluid mosaic model’.” In this
model the lipid bilayer is considered as a two dimensional liquid in which proteins and
lipids can move freely. It has been found that natural cell membranes are equipped with a
large variety of lipids and proteins with a high degree of lateral dynamicity, flexibility and a
high level of complexity and ordering.®” As a result, the ‘fluid mosaic model’ has been
updated to include variable patchiness, variable thickness and higher protein occupancy
than was previously considered.® Apart from lateral dynamicity, lipid translocation
between leaflets is crucial for biological function.®® The lipid “flip-flop” is mediated by
specific enzymes and membrane constraints, trapping lipids in one of the leaflets.'® The
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resulting membrane asymmetry is essential in, for example, cell fusion, coagulation
. 11
processes and apoptosis.

Extracellular

Glycolipids
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Figure 1.2: illustration of the natural cell membrane and its components.

Early findings that suggested the existence of membrane patchiness came from the
observations of detergent resistant membranes (DRM). Using non-ionic detergents, like
Triton X-100 or CHAPS, cell membranes do not fully solubilize and liquid-ordered DRM

12,13
These membrane patches are often

domains were isolated on sucrose gradients.
referred to as lipid rafts comprising of liquid-ordered (Lo) domains.'* These raft domains
are considered as sterol-dependent states where lipid acyl chains are highly extended and
packed tightly in the presence of cholesterol. This patchiness allows the cell to laterally
segregate and organize its membrane components15 resulting in clustering of associated

. . 16
proteins like surface receptors.

A different type of cell membrane domain is characterized by flask-shaped invaginations
of the cell membrane. These so-called caveolae are involved in cell signalling and transport
across the membrane. Caveolae are known to regulate vascular reactivity and blood
pressure. In vivo caveolae function is mediated by coat proteins (caveolins) and support/
adapter proteins (cavins).'” The lipid composition of the cell membrane dictates the
interactions between the membrane and the cytoskeleton. Sterol-dependent domains,
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Chapter 1

rafts and caveolae, are essential for the coupling of the membrane with the-cytoskeleton.
The cytoskeleton, which are made up of actin filaments, and the cell membrane are
closely related and can influence the regulation of cellular biomechanical properties. As
such, differential membrane domains, like rafts and caveolae, are now highly recognized
to be responsible for imparting lateral heterogeneity to cell membranes and essential for
biological function. The regulation and formation of these membrane domains is driven by
lipid-lipid, lipid-protein and protein-protein interactions as well as interaction of

. . .. 15,18,19
cytoskeletal domains compounding cell membrane complexity.

1.3 Membrane components

Apart from a vast array of proteins, over 1,000 different lipids have been suggested to be
present in any eukaryotic cell (Figure 1.3).”° Based on their chemical structures, three
main categories can defined, glycerophospholipids, sphingolipids and sterols. Both
synthetic and natural lipids have been studied and prepared. For example
glycerophospholipids are described with varying head-group groups on the sn-3 position
of the glycerol backbone resulting in phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidylinositol (Pl) and
phosphaditic acid (PA). Apart from varying in the head-group composition, the acyl chains
at positions sn-1 and sn-2 can be different in length and degree of saturation (number of
double bounds) and are crucial for determining the lipid phase behaviour. Apart from
glycerol, other lipid backbones are found such as ester, alkyl ether or alkenyl ether bonds.’
PC is the most abundant lipid in vivo (> 50%). Often one cis-unsaturated acyl tail is present
to retain fluidity and lateral mobility at room temperature.”> Sphingomyelin and
glycosphingolipids, which have a ceramide backbone, are the most common sphingolipids
in eukaryotic cells. Sphingomyelins contain a saturated (or trans-unsaturated)
hydrophobic tail and are able to form taller and narrower cylinders than PC of the same
chain length resulting in a denser packing of lipids with limited lateral mobility.
Interestingly, these tightly-packed structures can be fluidized by the presence of sterols.”?
Cholesterol, the main sterol in mammalian cell membranes, is an important non-polar
component that, due to preferential mixing with sphingolipids, can give rise to lipid rafts

22,23

as described by the umbrella model. As a result, lipids in a bilayer arrangement display,

depending on saturation and length of the acyl chain and the presence of sterols, varying

degrees of lateral mobility as dictated by its phase behaviour.****

Another interesting group of lipids are bolaampbhiphiles, also called bolalipids, commonly
found in the membrane of thermophilic and acidophilic archeabacteria. Bolalipids are
comprising of two hydrophilic head-groups bridged by single or double hydrophobic
chains and have a similar shape factor when compared to PC. The unique architecture of
these lipids has been suggested to stabilize the archeabacteria membrane under extreme
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conditions. Bolalipids self-assemble into a variety of structures in aqueous environment
like spherical and thread-like micelles where they can adopt a U-shape, membrane
spanning or a combination of both conformations. Recently, micelles of the bolalipid
GLH20 were used to prepare mimetic membranes on silica at high (150 mM) and low (1
mM) ionic strength. In addition, GLH-20 containing membranes were modified to house
the transmembrane protein aquaporin PM-28.2° This concept has been extended to
develop bolalipids-based membranes for water filtration.”

Phytanoyl lipids can be found in extremophiles, such as archeabacteria, and are phase
stable over large temperature ranges, -120 to 120°C. Their chemical structure is
characterized by branched apolar tails, resulting in disordered packing and a high degree
of membrane fluidity.”®

a) Glycerol b) PC PE PS
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Figure 1.3: Overview of the various lipids; a) the glycerol backbone and the structures of the most
common sn-3 position derivatives, b) sn-2 and sn-3 positions can be modified with saturated or

unsaturated acyl tails and c) the structure of the most common sterol, cholesterol.

Lipopolysaccharides (LPS) have also been used in relation to model membranes. LPS are
present in the outer membrane of gram-negative bacteria and are composed of a lipid A,
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Chapter 1

an inner core and outer core and a strain specific O-antigen. The O-antigen is involved in
pathogenicity and immune response in higher organisms. To study glycan-binding
proteins, lectins, LPS have recently been incorporated in PC mimetic membranes.”

In addition, a large variety of synthetic lipids have been prepared. For example,
fluorescent lipids are sometimes required for biophysical characterization studies. A
fluorescent dye can either be introduced to the head-group of ethanolamine lipids or to
the acyl tail. These fluorescent lipids are often used to stain the lipid bilayer of cells or
model membranes. Other synthetic lipids are available where the head-group is modified
with, for example, maleimides or biotin groups. Biotinylated and maleimide-modified
lipids are attractive synthetic lipid building blocks for conjugation of any desired functional
molecules after which these molecules can be anchored in the membrane.

1.4 Model membranes

Given that natural cell membranes are complex multimolecular systems, model
membranes consisting of phospholipids present an attractive platform to mimic cell-ECM
and cell-cell interactions. Moreover, model phospholipid membranes allow for the
investigation of biological processes at the cellular level and for the study of membrane
components in their native membranous environment. The first model cell membranes
were developed by Mueller and co-workers in 1962.%° They developed so-called free
standing ‘black lipid membranes’. However, only from the mid-eighties of the last century
model membranes became more commonplace with the introduction of SLBs. These SLBs
were able to capture key features of natural membranes like the lateral mobility of lipids
and associated ligands as pioneered by McConnell and co-workers.*** Two techniques
that are most frequently used to form SLBs will be described in the following section.
Then, we pay attention to substrates that are used for SLB formation and to what extent
patterning can be useful. We briefly touch upon techniques that can be used for analysing
SLBs.>*?

1.4.1 SLB formation

One frequently encountered method to prepare SLBs utilizes Langmuir-
Blodgett/Langmuir-Schafer (LB/LS) techniques (Figure 1.4a). Typically in a Langmuir trough
a lipid monolayer can be formed on a water surface from an organic solvent. After
evaporating the solvent, the surface pressure is increased to the equivalent pressure of
the bilayer. A cleaned hydrophilic sample is quickly submerged into the trough and slowly
lifted from the solution while maintaining a constant surface pressure. As a result, a lipid
monolayer, known as the LB layer, is transferred onto the sample surface. A second
monolayer, the LS layer, is spread and compressed on the through in a similar fashion. The
LB-coated sample will contact the LS-monolayer at the air/water interface for a few

7
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seconds. To complete the bilayer formation the sample is pushed through the interface
and kept submerged while the supported bilayer sandwich is removed from the trough.”’

Another main technique to form SLBs uses a solution of unilamellar lipid vesicles or
proteoliposomes that are fused with solid supports (Figure 1.4b). Such vesicles can be
obtained using standard liposome preparation or protein reconstitution methods i.e.
extrusion or sonication. Often a lipid mixture, dissolved in a common azeoptropic organic
solvent, is dried under a stream of nitrogen and under reduced pressure. After hydration
and vortexing, either sonication or extrusion of multilaminar vesicles (MLVs) vyield
monodisperse small or large unilaminar vesicles (SUVs or LUVs).

a) 1 b) . <)
L'©
1 !
e | E—
U  E—
d)

f)

Figure 1.4: Common SLB formation techniques; a) Langmuir-Blodgett/Langmuir-Schafer, b) vesicle

fusion, c) spin-coating, d) hydrodynamically driven vesicle fusion, e) vesicle fusion induced by a-
helical peptides and f) combination of Langmuir-Blodgett and vesicle fusion.
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Extrusion provides more control over the size distribution as compared to sonication as
can be easily monitored by transmission electron microscopy (TEM) and dynamic light
scattering (DLS).38 Upon incubation with freshly prepared solutions of SUVs or LUVs* with
solid supports, such as mica, glass and silica, SLBs are formed when conditions, such as
ionic strength and pH, are taken into account. The SLB formation follows two critical steps,
i.e. (1) vesicle adsorption onto solid supports and their subsequent rupture and (2) the
formation of bilayer patches and their completion to form continuous SLBs. The formation
of an SLB using vesicle fusion follows an energetically favourable process. The polar heads
of lipids align towards the polar, aqueous environment and the hydrophobic tails tend to
cluster together, thus forming the lipid bilayer after vesicle fusion. As a result, water
molecules are released from the vesicle giving the surrounding water structure a higher
entropy. In addition, hydrophobic effects, intermolecular van der Waals interactions,
hydration and electrostatic effects have an impact on the formation and organization of
SLBs. After SLB formation, a thin water layer of 6-20 A, referred to as hydration layer, is

found between the proximal leaflet and the solid support.*®*!

Solid supports with different
interfacial properties affect the formation of SLBs. High energy, hydrophilic supports tend
to yield SLBs while low energy, hydrophobic ones prompt lipid monolayer formation.
Although spontaneous fusion with certain surfaces is reported and comprehensively
reviewed by Brisson and co-workers®, this fusion process can be problematic in the case
of more complex vesicle compositions, such as vesicles with high cholesterol content or
when multiple types of lipids are used. Fusion of non-fusogenic vesicles compositions to
solid supports can be induced by optimization of experimental conditions, e.g.
temperature, pH, osmolality, cation valency and so forth. Fusion of non-fusogenic vesicles
has also been induced by the edge of a hydrodynamically driven SLB within a microfluidic
device (Figure 1.4d). Using this approach cell membrane-derived SLBs were prepared over
large surface areas, while displaying expected lateral mobility.”* Also, a-helical peptides
have been described to facilitate fusion (Figure 1.4e)* and the use of a freeze-thaw cycle
has been suggested.”” An in depth overview of the various methodologies to induce fusion
of vesicles can be found in a recent review of Zauscher and co-workers.*®

In addition, Langmuir-Blodgett and vesicle fusion can be combined to form SLBs (Figure
1.4f). The proximal leaflet is then first applied using the Langmuir trough while the distal
leaflet is deposited via vesicle fusion in a second step. Since ligand containing vesicles can
be introduced at this stage, only the distal leaflet will carry functional groups.”’ Fast
preparation of lipid bilayers can be achieved using spin-coating (Figure 1.4c). Lipids
dissolved in an organic solvent are deposited and spin-coated onto cleaned substrates.
This techniques allows for preparation of lipid multilayers with control over the amount of
lipid bilayers formed.” Formation of single bilayers can be achieved by fine-tuning the
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spin-coating method® which has recently been exploited to form a single bilayer on

polymer-grafted supports.>®*"

1.4.2 SLB substrates and architectures

A wide variety of substrates were modified with SLBs on which numerous SLB
architectures can be fabricated often designed for specific applications. Figure 1.5 displays
selected SLB architectures that are frequently used such as solid, particle, tethered,
cushioned, free-standing, double and multi-layered SLBs. Initially, silica-based materials
such as glass, mica, SiO, were used, but nowadays polydimethylsiloxane (PDMS), titania,
alumina, PEM-films can be used for SLB formation as well. Gold substrates modified with
hydrophilic linkers or amphiphiles have been used for the formation of so-called tethered
SLBs as recently was summarized.””** Formation of SLBs can be achieved on untreated,
lipophobic gold surfaces by depositing e.g. disaccharide trehalose.>

a)

R
—

f)

‘)(‘, o \/’ i%%ﬁ‘

%%2 22222@%?

Figure 1.5: Selected SLB architectures; a) solid and particle supported, b) free standing, c) tethered

and SLB multilayers, d) cushioned, e) vesicle layer and f) SLB supported vesicle layer.

The resulting glassy layer resulted in proper vesicle fusion and lipid lateral diffusion could
be observed.>* Successful SLB formation is recently reported on a few biomaterials as well
like hydroxyapatite sol-gel or xerogel films>>>°

mats coated with Si02.57

and nanofibrous polycaprolactone (PCL)
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Although glass or other surface supported SLBs are most frequently used, this type of SLB
has typically a limited aqueous volume provided by the hydration layer between the
bilayer and the solid support. Cushioned SLBs have been developed to position the SLB
further away from the support as reviewed by Tanaka and Sackmann®® and more recently

52,53,59-61
by Knoll and co-workers.

Cushioned SLBs are better suited to accommodate large
transmembrane proteins since the increased distance above the substrate avoids frictional
coupling between the SLB and the substrate when the transmembrane proteins are
engaged with other biomolecules. Cremer and co-workers proposed doubly cushioned
architectures using PEGylated SLBs and passivated glass supports. They found that this
doubly cushioned arrangement preserves the lateral mobility (ca. um?/s) of model protein
Annexin V with high mobile fractions (75%).% In another example, Vancso and co-workers
studied the use of charged polymer layers for vesicle fusion. Here, in situ polymer growth
using atomic transfer radical polymerization (ATRP) of zwitterionic polySMBA® was
studied. Successful SLB formation was observed with conserved lateral mobility of
fluorescently labelled zwitterionic poprc® lipids. In this case controlled length and grafting
density of the brush allows for modulation of the adhesion strength of SLBs to the
surface.”

1.4.3 Patterning of SLBs

A variety of techniques have been used to fabricate patterned SLBs (Figure 1.6). The
preparation of surfaces with patterns of SLBs can be achieved e.g. by scratching the tip of
a pair of tweezers over the surface to locally remove lipids (Figure 1.6a). Alternatively, a
tip of an atomic force microscope (AFM) can be used to locally remove material from a
substrate. This so-called nanoshaving lithography was used to remove bovine serum
albumin (BSA) from a fully BSA-coated substrate (Figure 1.6h). Back-filling of these empty
regions with SLBs has been achieved with dimensions of 50 nm in width.** However,
healing of the scratches through SLB spreading was observed limiting the lifetime of SLB
patterns. In general, both negatively and positively charged SLBs tend to spread at pH-
values below ca. 10-11 depending on the ionic strength of the buffer. When membrane
components are first separated by an electric field, scratching can be used to permanently
partition these components at pH 10.3 to prevent healing of the scratch.”

Modification of the underlying substrate with physical barriers prior to bilayer formation
allows for the formation of well-defined permanent SLB patterns (Figure 1.6b). This was
shown initially by Boxer and co-workers who made use of photolithography to prepare
patterns of photoresist, aluminum oxide, or gold on oxidized silicon substrates. After
vesicle fusion, the SLB was partitioned into micrometer-sized arrays, often referred to as

? PolySMBA: poly(sulfobetaine methacrylate)
® DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine
11
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corrals,®® across which no lipid mixing occurs.”’ Depending on the material used to prepare
the barriers, vesicle fusion can or cannot occur on these surfaces. For example, aluminum
oxide prevents vesicle fusion while vesicles will adsorb onto chromium, gold and indium
tin oxide, albeit with no or limited lateral mobility.

Micro-contact printing using hydrophilic PDMS stamps can be used to selectively deposit
or remove SLB patches to yield patterned SLBs (Figure 1.6c). In addition, direct micro-
contact printing of e.g. BSA proteins prohibits formation of an SLB in these regions also
resulting in a patterned SLB surface.®®

a) b) c)
i B
i
d) e) f)
W R
W W
vl Qv
"
8) h) i)
i e, IS
seees Ml

Figure 1.6: Selected SLB patterning methods; a) scratching, b) physical barriers, ¢) hydrophilic-
hydrophobic patterning, d) micro-contact printing, e) direct UV patterning, f) preparation of photo-
cross-linked SLB barriers, g) dip-pen nanolithography, h) nanoshaving and i) in situ patterning by
domain targeting.

12



Chapter 1

In these cases the protein layers form barriers across which no immediate lipid mobility
was observed. This method can also be used to embed additional functionality to the SLB
patterned surfaces when the ECM protein fibronectin was deposited instead of inert BSA
proteins.®’ More recently, poly-L-lysine-grafted-PEG (PLL-PEG) was used for creating
surface patterns by micro-contact printing. The non-printed regions were subsequently
modified with an SLB. These PLL-PEG patterns confined the lateral mobility in the SLB and
were shown to be stable up to several weeks, which is difficult to achieve using protein
barriers.”® Alternatively, patterned SLBs can be achieved by a technique referred to as
micro-contact displacement that makes use of a patterned PDMS stamp with addressable
reservoirs that is placed over an SLB. When the PDMS stamp contacts the SLB substrate
lateral mobility is confined to the areas of the stamp that are not in contact with the
substrate. Confinement was confirmed upon injection of a fluorescent dye into the
addressable reservoirs.”*

Direct printing of vesicle solution is another possibility to fabricate patterned SLBs. In this
case stamps were prepared from agarose instead of PDMS. Here, agarose stamps with a
pore size of ca. 470 nm were fabricated and each of the posts were loaded with a sub-
microliter volume of vesicle solution. After stamping on glass slides, mobile and functional
SLBs could be formed.”” Locally controlling surface wettability has proven successful in
preparing patterned mono- and bilayers (Figure 1.6d). In an early example micrometer-
sized hydrophilic regions were prepared using standard photolithography techniques. The
hydrophilic squares measuring from 25 x 25 pum to 250 x 250 um in size were individually
addressed using a capillary containing lipid vesicles. This process enabled the preparation
of discrete SLBs with unique compositions.”> More recently discrete SLBs have been
achieved by micro-contact printing of hexadecanethiol and back-filling with a glycol-
terminated thiol on gold substrates. These patterned hydrophobic and hydrophillic
surfaces were used to fabricate surfaces with areas with lipid mono- or bilayers,
respectively.”* Similarly, octadecyltrichlorosilane (OTS) modified SiO, surfaces can be
patterned by UV illumination through a photo-mask yielding hydrophobic and hydrophilic
domains suitable for lipid mono- and bilayer formation, respectively.”” In another
example, a transmission electron microscopy grid was placed on a flat PDMS surface
serving as a mask. After plasma oxidation the exposed areas become hydrophilic while the
covered areas retain their hydrophobic nature. Subsequent addition of lipid vesicles yields
lipid mono- and bilayers.”®

A very straightforward method of preparing patterned SLBs is the use of short-wavelength
UV irradiation to locally induce photodecomposition of lipids (Figure 1.6e). An UV mask is
placed just above the SLB while submerged in buffer. Exposure of lipids to UV leads to
their removal from the SLB and can be used for back-filling with an alternate vesicle
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solution. Depending on the lateral mobility of the lipids, this process yields stable or
unstable patterns.”’

Apart from site-selective removal of lipids, UV illumination can be used to crosslink Diyne-
lipids that bear diacetylene bonds in their apolar tails (Figure 1.6f). In a recent example,
DiynePC and DiynePE-based SLBs were prepared on glass supports via the Langmuir-
Blodgett/Langmuir-Schaefer method and using a UV-mask site-selective crosslinking was
achieved when applying a grid during illumination. These polymerized SLB patches restrict
the lateral mobility and display a high degree of stability. Unreacted Diyne-lipids can be
removed using a detergent solution while leaving the cross-linked grid unaffected.
Subsequent incubation with lipid vesicles results in fusion in the exposed regions. Grafting
cell adhesive peptides to the ethanolamine head-group of DiynePE and backfilling with a
non-fouling DOPC-SLB, resulted in selective adhesion of NIH3T3® fibroblasts to those
surfaces. Grafting biotin to the head-group of DiynePE and the surface of a PDMS
microwell stamp, allowed for direct bonding of the PDMS to the cross-linked SLB by means
of biotin-streptavidin interaction.”®

The use of microfluidics is another tool to achieve patterned SLBs. Alternatively
microfluidic devices can enable bimolecular interaction studies to the SLBs. Simple
capillary action of fluid containing vesicles enabled the formation of discrete SLBs.”” The
size of the SLB patterns is determined by the size of the PDMS flow channels. Cremer and
co-workers developed a multi-microchannel PDMS device for the study of binding events
at SLB interfaces, which were deposited on the substrate and PDMS walls of the device.®
For example, antibody binding to target epitopes, which were presented on the SLBs,*"**
and Cu(ll) binding to PS Iipids83 was scrutinized in a multiplexing fashion enabled by such a
microfluidic device.* As a continuation, protein patterns were prepared inside the PDMS
flow channel. This resulted in patterned SLBs within the flow device.® Similarly, Kam and
Boxer showed the use of a patterned substrate onto which a PDMS flow channel was
assembled. Introducing simultaneously two liquid flows each containing vesicles, patterns
of SLBs of varying compositions were prepared directly adjacent to each other at the fluid
interface of the two streams.*®

Site-selective lipid bilayer formation can be achieved using dip-pen nanolithograpy (DPN)
(Figure 1.6g). The scanning probe-based method uses the tip of the cantilever to transfer
an inking solution to the substrate. Including lipids in the inking solution enabled Fuchs
and coworkers to generate patterns of SLBs that in turn could be used to pattern

87,88

proteins. Further fine-tuning of the experimental conditions like humidity and scan

“ NIH3T3: fibroblast cell line
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speed, single lipid bilayer deposition can be ensured with sub-100 nm lateral resolution.®
Micrometer-sized SLB spots, can be prepared by non-contact dispensing of lipid vesicles to
a substrate through a thin layer of water. Using this approach spots of SLBs with sizes
varying from 180 to 360 um in diameter were fabricated. This simplified method does not
require complex buffer formulation, humidity control and avoids contamination and
disruptive drying of the SLB.*

In situ generation of ligand patterns in SLBs has been shown (Figure 1.6i) by e.g. applying
standing acoustic waves.” This highly dynamic, self-organizing method for ligand
patterning uses piezoelectric lithium tantalite substrates and metallic interdigital
transducers. When a periodic alternating voltage is applied, a periodic deformation and
propagation of waves is observed. Standing waves can be generated by the superposition
of two waves propagating in opposite direction. These standing ‘shear’ surface acoustic
waves are transferred to the lipid bilayer, inducing variations in the density of the
membrane, resulting in transport and accumulation of labelled lipids. In this study, head-
group modified lipids containing biotin were used to load the bilayer with streptavidin
and/or avidin. The patterns that were generated with the device were reversible under
low surface coverage of biotin-anchors <10%. After the device is turned off the native
environment was restored.”

Surface topography has been adjusted to study SLB dynamics.91 For instance, the
preparation of SLBs on regularly curved glass substrates affected the phase behaviour and
was shown to perturb protein sorting in the cell membrane of cells that were cultured on
such an SLB platform.”” Complementary information regarding SLB nanoscale complexity
can be found elsewhere.”

1.5 SLB analysis

Throughout the years a wide range of surface sensitive techniques have been used to
study and characterize SLBs (Figure 1.7). Fluorescence analysis is particularly widely used
to visualize membrane-bound components and to gain insights into the lateral mobility of
lipids in the membrane (Figure 1.7a). Upon incorporation of a lipid-dye conjugate in the
SLB, a so-called fluorescence recovery after photobleaching (FRAP) experiment can be
conducted. In a FRAP experiment a portion of the fluorophores are photobleached
resulting in a dark region in the SLB. Since liquid-state SLBs display lateral mobility,
unbleached lipid-dye conjugates will diffuse into the bleached region, while the bleached
molecules diffuse out. Monitoring this region in time and accounting for acquisition
bleaching, a fluorescent recovery curve can be compiled. This curve provides information
about (1) the mobile fraction and (2) can be used to estimate a diffusion coefficient (D) of
the lipids in the SLB. Calculation of the D-value depends on the shape
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Figure 1.7: Examples of technigues to analyse SLBs; a) FRAP analysis provides information of the
lateral mobility and mobile fraction of lipids in SLBs. b) TIRF microscopy enables fluorescent analysis

in close proximity of the glass interface as was shown recently by Groves and co-workers. Reprinted
with permission.*® Copyright 2014, American Association for the Advancement of Science. The
exclusion of bulk effects enabled the study of single molecules associated with the SLB. ¢) QCM-D
provides insight into SLB formation, visco-elastic properties and binding events. Examples of vesicle
fusion, as studied with QCM-D, are given for different lipid compositions. Reprinted with
permission.95 Copyright 2010, Nature Publishing Group. d) AFM in liquid provides insights into SLB
topography and allows identification of liquid-ordered, raft domains, in DOPC, SM SLBs with varying
amounts of cholesterol. Reprinted with permission.96 Copyright 2010, Cell Press.
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and profile of the bleached region. The Axelrod approximation is used frequently to gain
insights into the D-value for a Gaussian spot, because of its ease-of-use.” In recent years,
freeware software’ to analyse FRAP data has become available that allows for more
complex fitting of the experimental data to Bessel functions as described by Soumpasis et
al. for diffusion-dominated recovery in circular bleach spots.98 However, these methods
are prone to error, namely temporal and spatial variations in intensity due to sample drift,
acquisition bleaching or uneven illumination of the image jeopardize correct data
treatment. Kapitza et al. proposed a method where the intensity of only the central part
of the bleached spot is taken to deduce the D-value.”® Over time, improvements have
been made to more accurately deduce the lateral mobility of lipids in SLBs. For example,
Ho6k and co-workers proposed a method® to overcome shortcomings of the
aforementioned approaches.'® Their method is based on circular averaging of each image,
and spatial frequency analysis of the averaged radial data that requires no prior
knowledge of the shape of the bleached area. Fluorescence analysis can be used to image
domains within the lipid bilayer, as reviewed by Crane and Tamm.'*

Other commonly applied fluorescent microscopy techniques to analyse and study SLBs are
total internal reflection fluorescence (TIRF) microscopy and fluorescence correlation
spectroscopy (FCS). TIRF microscopy makes use of the evanescent wave that is exclusively
generated when total internal reflection of the incident light occurs at the glass-water
interface. Since the evanescent field decays exponentially, this technique allows for
fluorescent analysis < 100 nm from the glass interface, thus minimizing bulk effects."”
Very recently, a TIRF study was reported on the single-molecule activity of SOSf-cataIysed
nucleotide exchange at the SLB interface by Groves and co-workers (Figure 1.7b).%*
Correlation analysis of the fluctuation of the fluorescence intensity as determined from
FCS data can be used to determine the concentration and lateral diffusion of dye-labelled
lipids and proteins with a high statistical accuracy. Such data can be used to identify

hindered diffusion as reviewed by Machaf and Hof."”

Insights into physical properties of SLBs without the need for labelling of the lipids can be

gained using acoustical and optical-based sensing methods. For example, SLBs have been

studied with surface plasmon resonance (SPR) to elucidate surface interactions,™*

. . . 105
ellipsometry for measuring layer thicknesses,

6

reflectometry to probe the effective
thickness and refractive index'® and quartz crystal microbalance with dissipation
monitoring (QCM-D) to measure adsorbed mass and visco-elastic properties.95 Acoustical
sensing with QCM-D in particular helped to elucidate the process of vesicle fusion on

various supports and different conditions (Figure 1.7c).**'”” Moreover, QCM-D can be

Y FRAP analyser: available from the University of Luxemborg
¢ Matlab plugin: available from Magnus Jonsson, Linkdping University

f50s: son of sevenless
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combined with complementary optical techniques such as eIIipsometry.m8 The use of
QCM-D has recently been expanded to study bone mesenchymal stem cell adhesion on
SLBs with or without cell adhesive peptides. Comparing the AD/Af plots for the various
surfaces, differences in adhesion density and properties could be identified.'® Electrical
analysis of SLBs with or without embedded membrane proteins has been shown in
particular with tethered SLB architectures, which is reviewed by Knoll and co-

2 1
workers.’>**®

Scanning probe techniques such as AFM can be used to measure the thickness of SLBs™"

"2 and the rigidity of pore spanning SLBs and to map the surface topography to, for
%18 The use of AFM in studying phase
transitions in SLBs have recently been reviewed."* Combinations of QCM-D and AFM have
107

Also, AFM

and TIRF microscopy has been successfully applied together to distinguish between lipid
115

example, visualize lipid rafts (Figure 1.7d).
been adopted to explore the intermediate states leading to SLB formation.
domains.

Small angle neutron scattering (SANS), nuclear magnetic resonance (NMR), Fourier
transform infrared spectroscopy (FTIR) can be used to probe structural properties and

chemical composition of SLBs.>®'1®

Boxer and co-workers used secondary ion mass
spectrometry (SIMS) to identify the size of cholesterol-dependent phases of monosailo
ganglioside (GM1) in a canonical lipid raft composition of Iipids.117 Matrix-assisted laser
desorption/ionization (MALDI) mass spectroscopy was shown on frozen SLB samples of

which the components were separated by an electric field."'®

1.6 SLB characteristics

1.6.1 Lipid phase behaviour and mobility

A unique feature of lipid bilayers is their lateral fluidity and its central role in an
assortment of biological functions e.g. signalling, transport and intermembrane
interactions. The chemical make-up of, predominantly, the acyl tails determines lipid
phase behaviour and segregation in lipid bilayers. Various temperature-dependant states
can be distinguished in which lipids can reside while adopting a bilayer arrangement e.g.
liquid-disordered (L), liquid-ordered (L,) and solid (gel, Lg) phases (Figure 1.8a). The L,
phase is characterized by a disordered packing of lipids due to the presence of
unsaturated acyl chains. The L, phase yields a high lateral mobility in the um?/s range and
a low T, (melting temperature). Lipids bearing saturated acyl chains tend to pack more
tightly, increasing their T, and resulting in a reduced later mobility of less than 10” pm?/s.
As described previously, sterol-dependant raft states, also referred to as L,, demonstrate a
high degree of packing while retaining a high mobility of um®/s. Observation of lipid rafts
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in SLBs can be achieved using e.g. scanning probe techniques (vide supra).119 Membrane

fluidity is often the result of (1) physical properties of constituent lipids and (2) sterol
concentration. It must be noted that the T, of a lipid bilayer, the temperature at which
long range lateral mobility is observed, does deviate from the temperature at which
mobility is observed in lipid monolayers of similar lipid composition.120 In addition, there is
evidence that, in the case of SLBs, the substrate can affect the diffusion behaviour of the
proximal leaflet. For example, it has been found that on mica, the lateral diffusion of the
proximal leaflet is slower as compared to the one observed in the distal leaflet, even
though the T,, was found to be the same.™ Apart from the lateral diffusion of lipids,
angular rotation of lipids around their axis perpendicular to the plane can occur.
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Figure 1.8: SLB characteristics; a) lipid dynamicity in SLBs, b) cell adhesion on zwitterionic, liquid-
state SLBs. Reprinted with permission.116 Copyright 2003, John Wiley & Sons. c) Protein absorption
on zwitterionic and charged liquid-state SLBs as determined with QCM-D. Reprinted with
permission.122 Copyright 2012, Royal Society of Chemistry.
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Lipid phase separation behaviour in binary lipid mixtures, which are used for the
preparation of SLBs, can be exploited for in situ patterning. This was shown for DSPC:- and
DOPC-based SLBs that were doped with nickel chelating DOGSh-Iipids for the
immobilization of His-tagged proteins.'” In both DPSC- and DOPC-based SLBs, patterns of
a His-tagged green fluorescent protein (GFP) were generated that correspond to the
phase separation pattern of DOGS-nitrilotriacetic acid (NTA). This effect was observed at
doping densities of > 10% of DOGS-NTA."*

Patterning could also be achieved when a ternary lipid mixture is used that is able to form
liqguid-ordered, raft, domains. These rafts can be targeted using proteins carrying a
myristoyl and palmitoyl chain. Prenylated proteins display low affinity to raft domains due

128125 \while palmitoylation on the other hand is known to yield

to their branched tails,
raftophilic proteins.14 That raises the question if tandem modification i.e. prenylation and
palmitoylation allows for the modulation of overall raft affinity and targeting in the
bilayer. Ligands can be directed to specific areas of sterol-containing ternary lipid bilayers
to yield heterogeneous, patterned surfaces by fine-tuning the use of lipid anchors. To our

understanding, this remains unexplored in SLB applications.

1.6.2 Non-fouling nature of SLBs

Another useful property of SLBs is their inherent non-fouling nature. This non-fouling
property is dependent on the composition of the SLB and is particularly strong when
zwitterionic PCs are used. QCM-D measurements showed that human fibrinogen, human
serum albumin (HAS), bovine haemoglobin and various other naturally occurring proteins,
barely adsorbed onto SLBs made of zwitterionic PC."*® This behaviour is often ascribed to
the neutrally charged PC head-group in a large pH-range, 3 < pH < 10. In addition, PC is
known to attract a water layer that hampers the adsorption of proteins. The high lateral
mobility of PC lipids further favours this protein repellent property.126 This phenomenon
strongly influences cell adhesion kinetics and is able to prevent cells from adhering to its
surface. This was demonstrated early on by culturing HC11' and AR4-2J cells in serum rich
conditions on bare egg yoke PC derived SLBs (Figure 1.8b). Compared to glass, TiO, and
SiO,, negligible amounts of cells adhered to the SLB during a 72 hour culture period. QCM-
D experiments confirmed that the absence of cell adhesion was related to the absence of

deposition of serum proteins on the SLB surface.''®

€ DSPC: 1,2-distearoyl-sn-glycero-3-phosphocholine
" DOGS: 1,2-dioleoyl-sn-glycero-3-succinate

"HC11: mouse mammary gland cells

J AR4-2J: rat pancreatoma cells
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The out-of-plan or z-axis mobility of complete zwitterionic SLBs have been implicated to
further enhance their non-fouling behaviour. This was shown for patterned lipid mono-
and bilayers consisting of POPC. Here, preferential ARPE-19" cell adhesion was noted on
the lipid monolayers. Lipid composition and lateral mobility were identical for both
conditions and fall short of accounting for the observed differences.””’ Since lipid bilayers
possess a hydration layer, which is absent in lipid monolayers, undulatory motions are
expected to be less prominent in the latter case. This was studied by incubation of silica
particles of 5 um in diameter with similarly patterned surfaces consisting of DMPC lipid
mono- and bilayers patches. It was observed that silica particles became fluorescent
above the T, due to wrapping of the lipid bilayer around the particle. This effect was not
observed for lipid monolayers or below the T, indicative of out-of-plane mobility of liquid-
state SLB."*®

The non-fouling character of zwitterionic liquid-state SLB was recently exploited for

capturing of cTC cells.””

CTC can provide information regarding diagnosis, prognosis and
treatment of cancers. Due to their low cell number, <1 CTC per 10° blood cells, enrichment
processes have been developed. However, current surfaces fail to suppress the non-
specific interactions and, as a result, affect the purity of isolated CTCs. For example, on
such surfaces ca. 5-15 cells/mm’ bind non-specifically when incubated with cells at
densities of 10,000, which is still 10 times lower than pure blood.” Using a biotinylated-
SLB decorated with anti-EpCAM antibodies directed against the overexpressed epithelial
cell adhesion molecule in cancer cells, over 97% and 72% of blood spiked with cancer cell
lines HCT116™ and colo205" were retrieved, respectively. Moreover, blood cells could be
washed away with ease resulting in CTC purities exceeding 95%. In addition, cell expansion
was shown on the modified SLB surfaces. Strikingly, only one of the two anti-EpCAM
antibodies used for cell capture was able to support long-term cell culture on tissue

culture plastic even though their affinity was similar.”??

Although non-fouling characteristics have often been described for liquid-state SLB,
zwitterionic gel-state SLBs do however retain this feature to some extent. QCM-D analysis
of MPPC-based gel-state SLBs in the presence of serum showed negligible protein fouling
on these surfaces.” In addition, a cell adhesion study performed on polymerized
zwitterionic SLBs consisting of Bis-SorbPC showed a high degree of cell repellence towards
murine derived macrophages.”®” In addition, cross-linked lipid bilayers have also been

¥ ARPE-19: human retinal pigment epithelium (RPE) cell line with normal karyology
'cTC: circulating tumour cells
™ HCT116: colorectal cancer cells, RAS mutation in codon 13
" Col0205: human Caucasian colon adenocarcinoma cells
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investigated for use as a coating in glass capillaries to prevent protein fouling during
capillary zone electrophoresis (CZE)*** measurements. ***

In contrast to the non-fouling properties of neutrally charged lipids, protein adsorption
can be stimulated by introducing a net charge in the SLB. Indeed, a more in depth
investigation in silico revealed that protein adsorption can occur on charged SLBs. From
the calculations the adsorption energy between pairs of oppositely charged lipids and
charged amino acids was estimated to be 15-20 kJ/mol. As a protein adsorbs onto the SLB
and approaches the Debye screening length, polarization occurs thereby attracting
charged lipids. The formation of one lipid-amino acid electrostatic bond yields only short
life-times due to the continuous lateral diffusion of charged lipids in SLBs. When 4-5 pairs
of lipid-amino acid electrostatic bonds are formed the life-time is increased which may
even result in irreversible adsorption."*

This was demonstrated using Ferritin, a large iron-storage protein,”® as a model protein
on SLBs bearing different charges. Previously it was shown that the adsorption of ferritin
on charged surfaces was primarily driven by electrostatic interactions (Figure 1.8c)."*"**
To gain insights into adsorption of the horse spleen ferritin (HSF) to SLBs, QCM-D, SPR and
FRAP measurements were used to confirm that protein adsorption is mediated by
electrostatic forces, which could be influenced by the pl of the protein, pH and charge of
lipids." Since the zwitterionic SLBs show negligible amounts of protein fouling, these SLBs
can be explored to study cell-ligand interactions upon modification of the SLB with

biologically active ligands (vide infra).

1.6.3 Air instability of SLBs

A limiting factor in the use of SLBs is their inherent instability when exposed to air. Any
passage through the air-water interface immediately results in delamination of the SLB.*®
To this end, a variety of methods have been described to stabilize SLBs and prevent
delamination (Figure 1.9). To prevent the loss of the structural integrity of SLBs upon
exposure to air, SLBs can be post-modified or the support can be modified prior to SLB
formation.

Stable SLBs can be observed by chemically crosslinking synthetic lipids, thereby creating

polymerized SLBs (Figure 1.9a). For instance, this has been shown for diacetylenic and

140-144

dienoyl lipids. As described in a previous section, such SLBs lose the lateral mobility

of the lipids, however depending on the extent of crosslinking, the use of photo-
crosslinkable lipids can result in, after back-filling with a liquid-state SLB, tuning of the

diffusion coefficient between 0 - 1.6 umz/s for Texas red-DHPE®.'* The air stability of

° Texas red-DHPE: Texas red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
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these SLBs was not evaluated, but an improved stability is expected depending on the
extent of crosslinking.

Post-modification of SLBs with proteins is effective in preventing lipid reorganization upon
dehydration. This was shown for biotinylated SLBs, containing 5 mol% of biotin-PE, coated

with streptavidin (Figure 1.9b)."*°

When these streptavidin-SLBs were dried using nitrogen,
no mobility of the lipids was observed. However, after rehydration of these SLBs in an
aqueous solution the lateral mobility was restored. Lowering of the doping density of
biotin-PE caused severe damage to the SLB indicating that the density of the protein layer
is important. Other proteins like immunoglobin G (IgG) showed similar effects. It has been
suggested that the presence of a protein layer might stiffen the bending elastic modules of
the bilayer thus increasing the energy barrier for delamination, prevent reorganization of
the lipids and provide a thin water layer that surrounds the proteins.146 Instead of using
proteins, the addition of PEG-PE lipids showed an improved stability when exposed to air

depending on the PEG chain length and the doping density of the lipid-conjugate."*’

Another approach to achieve air-stable SLBs is the use of trehalose. This disaccharide
sugar vitrifies under drying conditions both intra- and extracellularly. This disaccharide
enables anhydrobiotic organisms to survive extreme dehydration for prolonged periods of

148,149

time. It is postulated that the shell conformation of trehalose can interact with the

lipid head-groups and thereby serve as a protective layer on top of the SLB against

130 5| Bs treated with trehalose can therefore be

dehydration upon drying. (Figure 1.9c).
stored for a longer time. Similar results were achieved in the case of supported lipid
monolayers. Recently, trehalose has been used to prepare storable and triggered
substrate-mediated vesicle fusion."" Addition of a synthetic trehalose glycolipid provided

air stability at doping densities as low as 20% in the case of supported lipid monolayers.™

S-layers, which are crystalline layers of proteins found on the cell surface of

. .rs .. . 60,153
archaebacteria, have been shown to stabilize lipid bilayers as well.

Introducing S-
layers in various architectures on SLBs can stabilize them by mimicking the supramolecular
building principles of the bacterial cell membrane. The use of S-layers has recently been

summarized by Schuster and Sleytr.”*

In an alternative approach to achieve air stability, substrates were modified prior to the
formation of the SLB with cholesteryl derivatives onto which an SLB was formed stably.
Above a certain surface density of cholesteryl groups, FRAP measurements showed no
deviation in mobility or mobile fraction after multiple dehydration cycles.”® Presumably,
surface attached cholesterol groups provide a sufficiently large energy barrier to prevent
restructuring of SLBs upon dehydration analogous to the stabilizing effect of cholesterol
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on cellular membranes (Figure 1.9d). This method contrasts with the post-modification
methods described above, since repeated dehydration is possible without loss of SLB
integrity and fluidity, while maintaining an unmodified SLB surface.

Recently, researchers have succeeded to increase the air-stability by means of physical
confinement.™® The surface features that enabled air stability were formed by the enzyme
phospholipase A; (PLA;). It was shown that upon hydrolysis of phospholipids by PLA; in a
multicomponent SLB, crystal-like structures were formed of 10-20 nm in height."””” Using a
ternary lipid mixture, which consisted of 40:40:20 DOPC/DPPC’/Cholesterol, to make an
SLB and subsequent incubation with PLA,, resulted in the formation of crystal-like
structures. Removal of PLA, and lipids by washing with detergents revealed a stable
network of crystal-like structures that can be used as an substrate for SLB formation.
Dehydration and rehydration of a back-filled SLB did not significantly affect its lateral
mobility or mobile fraction (1.27 + 0.27 pm?/s, 95% vs. 1.14 + 0.34 um’/s, 95 %
respectively.). The increased air stability of these SLBs is thought to be caused by the
physical confinement imposed by the crystal structures, which reduces interfacial force in
the peel-off direction by cutting the water interface. As a consequence, residual water can

evaporate with no considerable interfacial force, leaving the SLB unharmed.™®

P DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
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Figure 1.9: Methods to improve air-stability of SLBs; a) use of photocrosslinkable lipids, fabricated
patterns remain stable after detergent wash. Reprinted with permission.145 Copyright 2009,
American Chemical Society. b) Doping the SLB with PEGylated lipids or application of a protein layer
was shown to induce air stability after air exposure in a microfluidic device, arrows indicate protein-
coated SLBs before and after rehydration. Reprinted with permission.146 Copyright 2004, American
Chemical Society. c) Trehalose coating was found to induce air stability in SLBs, delamination was
estimated to be ca. 5 %. Reprinted with permission.150 Copyright 2007, American Chemical Society.
d) Substrate modification with a homogeneously distributed cholesterol layer was shown to impart
air-stability on PEGylated glass slides. Reprinted with permission.155 Copyright 2008, American

Chemical Society.
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1.6.4 Leaflet symmetry and composition of SLBs

Although leaflet composition of SLBs is assumed to be similar to the composition of
unilaminar vesicles used to prepare the SLBs, surface-induced re-organization of
membrane components has been suggested. When GM1 is included in lipid vesicles and
deposited on solid supports, a higher binding of fluorescent cholera toxin was observed in
lipid bilayers when compared to lipid monolayers, suggesting enrichment of GM1 in the
top leaflet of the lipid bilayer. It was proposed that substrate electrostatically driven
rearrangement had occurred.™® Additional experiments where Texas Red-labelled lipids
were included a larger extent of FRET on GM1-functionalized lipid bilayers was found
compared to GM1-functionalized lipid monolayers.®® Other studies have suggested
substrate-induced leaflet asymmetry in SLBs as well."® Lipid exchange, as observed in
vivo, can also be mimicked in SLBs. When positively charged POPC®/POEPC'-SLBs were
allowed to interact with negatively charged POPC/POPS*-vesicles, QCM-D measurements
showed an immediate increase in mass and dissipation indicative of absorbed vesicles.
Then, the QCM-D response decays back to the baseline indicating that vesicles are
detached. During the vesicle residence time on the SLB, lipid exchange is thought to occur
until weakening of the electrostatic interaction results in detachment of the vesicle.'®
Vesicle-membrane interaction will be described in more detail later in section 1.8.2.

1.6.5 Barrier properties of SLBs

Active and passive transport of molecules across the SLB can be observed similar to
observations made in vivo. Passive transport across the SLB is mostly limited to water
molecules diffusing down a concentration gradient. In general, water molecules move
from the hypotonic compartment across the SLB towards the hypertonic environment.'®
The lack of ion transport across an intact SLB is reflected in the high Ohmic resistance of
these layers. On the contrary, active transport is facilitated by transport proteins
embedded in the cell membrane or reconstituted in SLBs. The action of these proteins
requires energy through the consumption of ATP. As a result, ions for example can be
transported against the concentration gradient. Recently, both passive and active
transport was studied across SLBs that were prepared on a perforated surface with 4 um

2 These free-standing SLBs were doped with either a-hemolysin for passive

holes.
transport of Alexa-488 dye or proton transporter FoF;-ATP synthase for active transport of

162
protons.'®

In addition, SLBs have been applied in capillary electrophoresis to suppress the occurrence
of electro-osmotic flow (EOF). EOF is caused by the negatively charged silanol-groups on

9 POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

" POEPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-ethylphosphocholine
° POPS: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
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the glass surface of the capillaries and can result in a flow of ions when an electric field is
applied. The neutral SLB overcomes the Debye screening length inside the capillary and
provides a net neutral surface charge avoiding EOF. In one such study, the EOF
suppression of gel and liquid-state SLBs was evaluated. It was found that gel-state SLBs are

more stable resulting in higher EOF suppression.m?’

1.7 Introducing bio-functionality in SLBs

Introducing functionality to the surface of SLBs can be achieved following a variety of
modification strategies summarized in Figure 1.10. Reversible and irreversible membrane
association can be distinguished and means to control the orientation of the functional
ligand on SLBs can be important. In this section selected strategies to introduce bio-
functionality to SLBs are presented, while complementary information can be found in an
earlier review of Groves and co-workers.>

His-tagged ligands can be bound in a supramolecular fashion to an NTA head-group of
lipids that are present in the SLB. Coordinated Ni** metal ions by NTA displays high
selectivity and moderate affinity towards His-tags. The association constants of His-tagged
proteins to NTA-functionalized SLBs was found to be 10* M™.'* To preserve a proper
orientation and stable attachment multiple histidine residues can be introduced in the
ligand of interest. For example, Hisg-tagged major histocompatibility complex (MHC) and
intercellular adhesion molecule 1 (ICAM-1) were presented on mobile SLBs for the
formation of a hybrid immunological synapse (IS). These synapses were biologically active
and able to induce the characteristic T-cell synapse bull’s eye formation.'®® Removal of the
bound ligands can be achieved by either addition of a competitor, like imidazole, or
depletion of Ni** by ethylenediaminetetra-acetic acid (EDTA) that is able to sequester
bivalent metal ions.

High affinity association constants of up to 10" M can be reached between biotinylated

%® The use of fluorescently

lipids in the SLB and streptavidin, neutravidin and avidin.
labelled neutravidin allows for direct monitoring of lateral mobility of ligands and
quantification of the amount of molecules per surface area.'®’ Antibodies associated to
the SLB in this manner have been used to immobilize ligands to SLBs for cancer cell
purification.”™ In this case, biotinylated antibodies directed against cancer cells were
assembled on a neutravidin-modified SLB. These surface were used to collect cancer cells

from blood samples.
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a) Maleimide NHS Biotin Ni-NTA Azide

b) R Palmitic Cholesterol Farnesyl Peptide
P Q"
R {
.

/

/

Figure 1.10: Selected modification strategies of SLBs; a) using lipid head-groups bearing maleimide,
NHS, biotin, Ni-NTA or azide functionalities. b) using amphiphiles using various lipid anchors, for
example palmitic, cholesterol, farnesyl or a-helical peptides.

Apart from the non-covalent modification of SLBs, covalent coupling of ligands to SLBs can
be achieved using e.g. maleimido-functionalized lipids, which can react under mild
conditions with e.g. cysteine residues.'®® For example, CGGHg peptides were conjugated to
maleimide-bearing SLBs and used for the association with Ni-NTA containing vesicles.'®
Other chemical functional groups such as carboxylic acids in DP-NGPE' lipids embedded
within an inert SLB were activated with N-hydroxysuccinimide (NHS). The resulting NHS-
activated lipids was used for further reaction with amine-functionalized ligands such as

lysine residues of collagen type 1,170

* DP-NGPE: 1,2-dipalmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine-N-(glytaryl)
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Azido-functionalized lipids can be used to ‘click’ alkyne-functionalized ligands to SLBs. For
example, Boxer and co-workers attached alkyne-DNA to POPE-N;". The DNA presenting

SLB was used for the study of vesicle binding to SLBs by means of DNA hybridization.171

Instead of chemical modification of SLBs, ligands can be modified with anchoring groups
that allow for insertion into the SLB. This insertion resembles the in vivo insertion of
lipidated proteins into the cellular membrane. A common in vivo lipid modification of
proteins is prenylation, i.e. the addition of an isoprenoid, either a farnesyl or a
geranylgeranyl group, to a C-terminal cysteine.172 Three enzymes are known to catalyze
prenylation of proteins; farnesyltransferase (FTase), geranylgeranyltransferase type |
(GGTase-l) and geranylgeranyltransferase type Il (GGTase-ll), also known as Rab GGTase.
FTase uses farnesyl pyrophosphate (Fpp) as the prenyl donor, and both GGTase-l and Rab
GGTase use geranylgeranyl pyrophosphate (Gpp).173 In vivo prenylation occurs at the so-
called tetrapeptide sequence CaaX (C is cysteine, A is an aliphatic amino-acid and X is any
174,175 It is

shown that proteins could be farnesylated in vitro as well as in vivo. In vitro farnesylation

amino-acid) where X can be modified with farnesyl or geranylgeranyl group.

can be carried out by addition of FTase enzyme and substrate. Much more elegant is the
single step in vivo farnesylation of the CaaX box directly in E. coli cell lysate. Since bacteria
lack the capacity for protein prenylation, the bacteria were transformed with a vector
inducing the expression of both the target protein and the FTase enzyme subunits. This
resulted in the production of recombinant farnesylated proteins using E. coli’s natural Fpp
pool."”® Another lipidation reaction is myristoylation, which introduces the fatty acid
myristate to the N-terminal amino acid glycine in susceptible proteins. The reaction is
mediated by N-myristoyltransferase (NMT) that recognizes the N-terminal MGxxxS/Txx
motif, where x indicates any amino acid that couples a myristoyl group to the N-

176,177

terminus."’ Palmitoylation, catalysed by protein acyltransferases (PATSs), results in the

transfer of a palmitate to a protein.174 In vitro palmitoylation has been used for the

preparation of peptide amphiphiles assembled into monolayer for use in cell culture.'”®

Glycosylphosphatidyinositol (GPI) anchors membrane proteins to the extracellular face of
the plasma membrane.*’” Ligands with exposed GPI anchors can be incorporated in SLBs
via insertion of the GPI tail into the lipid bilayer. Although widely used in the past,
problems related to unnatural aggregate formation and GPI-protein purification, makes

this technique much more cumbersome than other available methods.****

Another possibility is using cholesterol derivatives as lipid anchors. As was explained
previously, cholesterol has a stabilizing effect on lipid bilayers and it can readily associate

“ POPE-N;: Azido 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
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with the hydrophobic core of the lipid bilayer. A more comprehensive overview on

181
cholesterol anchors and tethers can be found elsewhere.

Depending on its primary amino-acid sequence, a number of peptides have the natural
propensity to penetrate into a lipid bilayer usually in an a-helix conformation. Insertion of
WALP containing peptides into the bilayer has been elucidated in silico where it can be
described as a three step process, i.e. (1) insertion of one or more tryptophan residues
within the lipid bilayer below the phosphate groups, (2) further insertion into the bilayer
in an unstructured state and (3) assembly into an a-helix nearly perpendicular to the plane
of the membrane to provide a stable anchoring point facing away from the SLB into the

. 182
solution.

The membrane association potential of a-helix peptides was studied that pass
the bilayer only once."® However, utilization of WALP peptides to anchor ligands to SLB,

to our knowledge, remains unexplored.

Reconstitution and incorporation of complete membrane proteins in the SLB can be
another way to prepare bio-functionalized SLBs.'** As stated previously, substrate-protein
interaction can however occur once proteins embedded within an SLB and result in a loss
of protein function. As a consequence, studies on transmembrane proteins in SLBs are

often mostly performed on tethered SLB systems.185

When the membrane protein is
solubilized with a detergent and mixed with detergent-destabilized liposomes, after
removal of the detergent, the protein will be inserted into lipid bilayer of the
proteoliposomes that can be used for SLB formation. For more information recent reviews

. . 36,186
by Martin and Williams and co-workers can be consulted.

Although a variety of lipid anchors have been described, the stability of incorporation in
the SLB does vary. In a recent study, stability characteristics of oligonucleotides to DOPC-
based SLBs was studied using cholesterol, stearyl and di-stearyl lipid anchors.” QCM-D
experiments revealed that single stranded (ss)DNA anchored via cholesterol or stearyl
results in unstable anchoring. Hybridization of complementary ssDNA conjugated to
cholesterol or stearyl provides stable insertion into the bilayer. The di-stearyl anchored
ssDNA provided resistance to rinsing the bilayer without the need for hybridization to a

¥7 As a result, the stability of inserted lipids must be considered

complementary anchor.
when deciding upon a lipid anchor. The choice of tether that bridges the ligand from the
substrate, in this case the SLB, to the target can play a key role. This is particularly
important when considering live cell experiments. A recent paper describes the effect of
the linker on the ICs, value’ and the biological response of cells. In short, the proposed

polyproline linker outperformed the ‘industry standard’ PEG linker. Improved cell

¥ ICso: Value of half maximal inhibitory concentration for a specific biological or biochemical function
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adhesion kinetics were observed when the linker was modified with a cell adhesive

pep‘cide.188

1.8 Bio-analytical applications of SLBs

1.8.1 Membrane electrophoresis
The fluidic nature of lipids in membranes is an interesting property to exploit for
conducting membrane electrophoresis experiments either on the cell membrane itself or,

189,190

more recently, on SLBs (Figure 1.11). For example, it has been shown that

zwitterionic glass-supported SLBs doped with negatively charged and fluorescent lipid-dye

. . . 190,191
conjugates can be separated under an electric field.

To achieve SLB electrophoresis several aspects need to be taken into consideration such as
the height of the aqueous compartment above the SLB, the distance between the
electrodes and the solution conductivity in order to achieve a sufficiently large electric
field (E-field). Since traditional electrophoresis set-ups rely on bulky electrodes and high
applied DC potentials (10-100 Vs), bubble formation, pH changes and even Joule heating
are known to occur. Cremer and co-workers have described an elegant way of minimizing
these effect by the fabrication of a fluidic device that provides a continuous flow over the
electrodes to wash away unwanted by-products (Figure 1.11a). Using this electrophoresis
platform, the electro-osmotic motion of streptavidin bound to the SLB could be tuned
with pH and ionic strength. In their case the extent and direction of the mobility of
streptavidin could be altered, e.g. a pH closer to the pl resulted in limited electro-osmotic
mobility.192 This work was expanded to achieve electrophoretic-electro-osmotic focusing
(EEF) of streptavidin with different charges bound to the SLB.'**

Although these bulk electrophoresis systems have been used with great success, they still
inherently suffer from the high applied potentials required to drive the mobility. In our
group we proposed an PSLB electrophoresis system that utilizes potentials below the
electrolysis potential (1.23 V) of water (Figure 1.11b). To this end, we designed a
microfluidic chip with three electrode junctions with an inter-electrode spacing of 500 um
(Chapter 2). The fluidic channels were 500 um in width and 50 um in height. Moreover,
the junctions were patterned with Cr-barriers enabling multiplexing. To overcome the lack
of Faradaic currents, we included a sacrificial electro-active compound to enable the
generation of an electric field. (hydroxymethyl)-Ferrocene (F.CH,OH) was chosen based on
its electro-neutrality and inertness to the SLB and proteins. Upon addition of 0.5 mM
F.CH,OH electrophoretic migration of TR-DHPE was noted at potentials as low as 250
mV.194
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Figure 1.11: Overview of several SLB electrophoresis approaches; a) fluidic device developed by the

Cremer and co-workers to mitigate electrolysis by-products and enable the use buffered conditions
in DC electrophoresis. Reprinted with permission.l":"2 Copyright 2011, American Chemical Society. b)
On-chip DC and AC uSLB electrophoresis device using low potentials and a sacrificial reaction
enabling the use several 100s of millivolts. Reprinted with permission.194 Copyright 2014, American
Chemical Society. c) On-chip ratchet SLB electrophoresis device for high concentration build-up of
charged analytes. Reprinted with permission.195 Copyright 2012, American Chemical Society. d) The
use of SLB electrophoresis to prepare stable locked-in surface gradients in gel-state SLBs. Reprinted

with permission.196 Copyright 2014, John Wiley & Sons.
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In all the aforementioned cases, removal of the electric field results in the recovery of the
initial steady-state due to the lipid diffusivity. The use of AC electric fields in combination
with surface ratchets proved effective in retarding the lateral mobility of lipids in the SLB
as shown for micro-contact printed ratchets and a chip-based device (Figure
1.11C).195'197’198

freezing the surface after a complex SLB was used for membrane electrophoresis. Freeze-

On the other hand, Cremer and co-workers demonstrated lipid fixation by

dried SLBs can be used in set-ups such as MALDI mass spectroscopy for further chemical
analyses.'® Temporal stability can also be achieved by the use of gel-state lipids (Figure
1.11d)."®
after rapidly cooling down till below the T,, locked-in SLB gradients can be fabricated that

We recently demonstrated that conducting electrophoresis above the T, and
are tuneable in surface chemistry (Chapter 3).

Movement of membrane bound components can be achieved solely by shear stress
induced by bulk fluid flow. In a recent example, photo-crosslinkable DiynePC lipid were
used to prepare 2D porous lipid network. This was made possible by varying the UV-
illumination used to crosslink the DiynePC SLB. After crosslinking, monomers were washed
away and the exposed regions were backfilled with a DOPC-based SLB functionalized with
biotin. Upon binding of dye-labelled streptavidin to these biotin-SLBs, front velocities of
streptavidin and a labelled lipid were compared after applying bulk flow. In both cases, a
linear dependency was found between the increase in applied UV-dose and the decrease

199

in front velocity.”™ The use of hydrodynamic forces to separate membrane bound species

has also been investigated in pure liquid-state SLB, as demonstrated by H66k and co-

workers (Figure 1.12a).2%%%%

1.8.2 Studying membranes processes using SLBs

Inspired to mimic natural SNARE-mediated fusion (Figure 1.12b).** Boxer and co-workers
studied the hybridization of ssDNA-functionalized SLBs to complementary DNA on lipid
vesicles (30-200 nm in diameter).”® However, instability of the tethers in the underlying
SLB was found. This led to the investigation of the influence of SLB composition on the
immobilization of lipid vesicles via DNA hybridization. It was found that the use of gel-
state SLBs with cholesterol, more stable SLBs were made resulting in a more stable
tethering of the vesicle to the SLB, suggesting a role of membrane stiffness on this
process.204 Stable tethering of lipid vesicles using DNA hybridization can furthermore be
achieved by using self-assembled-monolayers (SAMs) as a support for SLB formation. In
this case, the SAM is modified with ssDNA that can hybridize with ssDNA-functionalized
GUVs. As a result, the GUVs will rupture to yield an SLB patch comprising of liquid-state

2 rusion of tethered vesicles could be

lipids presenting ssDNA on the distal leaflet.
observed on these layers. In this case, DNA-tethered vesicles loaded with 100 mM of self-

guenched calcein were used. Upon hybridization with the planar SLB, fusion can be
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monitored by calcein dequenching induced by dilution and diffusion of the dye into the
aqueous compartment below the planar SLB (Figure 1.12b).°% Vesicle fusion with native
cell membranes can be used to insert functional groups into the cell membrane for bio-

orthogonal modification of the cell surface.”*”*%

In addition, membrane fusion has been induced by the edge of a hydrodynamically driven
SLB within a microfluidic device to facilitate rupture of adsorbed lipid vesicles of non-
fusogenic composition as was studied by Ho0k co-workers. Recently, this process was
shown for non-fusogenic vesicles directly derived from NH3T3 cells.* Content transfer
was validated by cholera toxin binding to GM1.

1.8.3 Biosensing and analysis of membrane proteins

Over 60% of known disease markers are membrane proteins. Moreover, 20-30% of the
genes that encode for proteins are found in lipid membranes.”® This has motivated
research into studying membrane proteins in their native membranous environment by
using model membranes. For example, heavily doped-silicon nanowires coated with an
SLB doped with a-hemolysin were fabricated to study the transport of Fe(CN)g .21
Array-based SLB systems have been proposed and reviewed by V6rés and co-workers and
22533981212 £or instance, SLBs formed on a porous nanoarray doped with the

T . . . 213
gramicidin-D ion channel could be measured using impedance spectroscopy.”” More

others.

recently, arrays of free standing SLBs have been used to monitor active and passive
transport across a-hemolysin (Figure 1.12c) and FoF,-ATP synthase, respectively.
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Figure 1.12: Studying membrane composition and membrane processes; a) fluidic device developed
by H66k and co-workers for the separation of membrane bound components by hydrodynamic

force. Reprinted with permission.200 Copyright 2011, American Chemical Society. b) The use of
planar SLBs to tether lipid vesicles by means of DNA hybridization, showing content transfer across
the SLB by calcein dequenching. Reprinted with permission.206 Copyright 2011, Cell Press. c)
Preparation of an array of free-standing SLBs doped with a-hemolysin to study the passive transport
of Alexa 488 dye. Reprinted with permission.162 Copyright 2014, Nature Publishing Group. d)
Fabrication of a minimal actin cortex on SLBs and the study of myosin-induced contractility and
tension build-up. Reprinted with permission.214 Copyright 2013, eLife Sciences Publications. e) The
self-assembly of Anx5, involved in membrane repair, on negatively charged SLBs in the presence of
Ca’ and the formation of 2D protein crystals, observed on the lipid bilayer with AFM. Reprinted with

permission.215 Copyright 2005, Cell Press.
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1.8.4 Cytoskeletal organization
SLBs have been used as a minimal system for studying cell membrane-cytoskeleton

216-218 . .
For example, actin filaments meshwork’s

interactions as has been recently reviewed.
have been prepared on SLBs. Upon introduction of ponticulin®, isolated from
Dictyostelium discoideum in the SLB, addition of both monomeric G-actin and filamentous
F-actin resulted in a network of actin fibres on the SLB surface.”*® F-actin association to the
membrane can be mediated by the enzyme ezrin. This enzyme can be changed from a
dormant into an active state by either phosphorylation or by binding to L-a-
phosphatidylinositol-4,5-biphosphate (PiP,). When SLBs were doped with PiP,, filopodia-
like structures were formed in the presence of a cocktail of proteins to allow for the
formation of dendritic actin-like assemblies. Subsequent addition of a frog extract resulted
in the formation of these filopodia-like architectures.”” Self-assembly of actin filaments
has also been shown on lipid vesicles”*" and anchoring of actin filaments inside GUVs.*??
Recently, Schwille and co-workers were able to use an SLB-actin network to track

21 Here a minimal

contractility induced by myosin along the actin fibres (Figure 1.12d).
actin cortex was reconstituted on the SLB and fluorescent myosin was tracked in the
presence of ATP. Based on their findings, they postulate that buckling and breakage of
filaments is involved in compaction and in the build-up of tension, turnover of actin and

. . 214
reorganization of the cortex.

1.8.5 Membrane repair

Brisson and co-workers made use of SLBs to help elucidate the process of cell membrane
repair. Annexin A5 (Anx5) is a protein known to bind to DOPS” lipids in the presence of
Ca”™. Early on, it was found that Anx5 forms 2D crystals on DOPS-doped SLBs in the

presence of Ca’", as observed with AFM (Figure 1.12e).””

Formation of these crystals was
suggested to occur in a stepwise manner. First binding to a negatively charged SLB
followed by formation of a trimer, nucleation and crystal growth. Transition from a low to
a high density could be quantified with a difference of 36 ng/cm”.*"> Based on these
findings, it was postulated that Anx5 forms a 2D crystal in vivo upon membrane damage.
The resulting influx of Ca”" ion outside the cell would allow intracellular Anx5 to interact
with PS lipids present in the cell’s proximal leaflet to locally ‘heal’ the cell membrane.
After closure, membrane resealing by cytoplasmic vesicles would occur. This was proven
correct with in vitro analysis of cell membrane repair in mouse perivascular cells.”*

Comparison between wild-type and Anx5 knock-out cells confirmed the role of Anx5.

* Ponticulin: transmembrane protein, anchor for actin filaments and nucleation site for actin assembly in vivo.
“DOPS: 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
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1.9 SLBs as an interface to cells

1.9.1 Mimicking cell-cell contacts

Cadherins play important roles in cell adhesion forming adherens junctions to bind cells
together. This is a highly dynamic process and the actin cytoskeleton is directly modulated
by the adhesive strength and clustering of cadherins. In depth investigation into the
mobility of proteins associated with model membranes was performed with human E-
cadherin. The extracellular domain of human E-cadherin, appended with Fc domain of
human IgG, was fused to a GPI lipid bilayer anchor (hEFG) and evaluated on mobile PC
SLBs. The hEFG fusion protein displayed a lateral mobility of 0.6 pm®/s with a substantial
immobile fraction (30-60%). Since SLBs allow for ligand presentation that display lateral
mobility, similar to natural systems, the presence of large immobile fractions is undesired.
An elegant way to separate mobile from immobile hEFG was accomplished by membrane
electrophoresis. Using this approach, the two fractions could be identified and collected.
Even though more than half of the hEFG complex remained immobile, 30% of MCF-7" cells
were able to cluster the proteins embedded in the SLB. However, lack of ECM immobile
anchoring points caused the cells to be loosely adherent and display a spheroid
morphology. This resulted in a large population of non-viable cells, as a result only 30%

hEFG clustering could be observed.””

The importance of retaining ligand mobility in mimicking cell-cell contacts was more
convincingly shown for the epidermal growth factor receptor tyrosine kinase (EGFR). The
EGFR is a member of the type |, ErbB, receptor kinase family that is known to be
deregulated in human cancers.”*® Using mobile SLBs, decorated with epidermal growth
factor (EGF) the effect of mobility on immortal, nontransformed MCF-10a” cells was
studied.””” Mobile DMPOC™ SLBs were doped with 3 mol% biotinylated lipids that were
used to associate EGF via biotin-streptavidin interactions to the SLB. Upon analysis of the
lateral mobility, a higher mobility was observed for fluorescently labelled lipids in
comparison with the EGF-Lipid complex. After 20 hours of MCF-10a cell culture, specific
attachment of cells was noted only on EGF-modified SLBs and not on the control surfaces.
The specificity of the interaction was demonstrated with a competition assay using
mAb225, which is a competing antibody for EGFR ligand binding. A reduction in cell count
of 94% was observed in the presence of 3 ng/mL mAb225. Involvement of EFGR kinase
activity in cell EGF-EGFR mediated cell adhesion was proven by addition of a specific
kinase inhibitor, Tarceva. During cell culture distinct EGF clusters were formed during the
20 hour culture period, reminiscent of integrin focal adhesions. The clusters were found to

¥ MCF-7: Michigan Cancer Foundation-7, breast cancer cell line
* MCF-10a: human breast epithelial cells
* DMOPC: 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine
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be out-of-plane compared to the SLB, suggesting that the natural endocytotic functioning
of EGF is retained on the SLBs. To study whether clustering of EGF was the direct result of
membrane fluidity, a comparison was made with DPPC-based SLBs (T, 41°C), which
display a significantly lower lateral mobility of at least one order of magnitude. In this
case, less cell spreading was observed indicative of a less motile phenotype and less EGF
clustering. Taken together, the results illustrate that dynamic, local enrichment of EGF and
its receptor is dependent on the lateral mobility of the ligand.””’

1.9.2 Supporting cell differentiation on SLBs

Another study investigated the immobilization of ‘pluripotent tissue sheets’ on SLBs to
regulate cell differentiation. NCC™ cell differentiation is important in vertebrate
development. Instead of single cells, explanted cohesive cell sheets obtained from
Xenopus laevis were used. The isolated animal cap, from Xenopus blastula stage embryos,
consists of a cohesive cell sheet of pluripotent cells, similar to mammalian embryonic stem
cells. Cultivation of these pluripotent tissue sheets on unmodified zwitterionic SOPC™ SLB
resulted in tissue dissociation and cell death due to poor cell-substrate interaction. The
importance of presenting proper cues to maintain tissue structure was illustrated when
RGD and Xenopus cadherin 11 (Xcad-11) were compared. The RGD amino-acid motif,
found in the tenth fibronectin type Il domain has been used extensively to engage on a,B3

228230 The RGD motif has been explored in cancer medicine to block the

integrin receptors.
often overexpressed a,Bs; integrin, in particular cyclic RGD peptides show improved
interaction with the receptor.”> On the other hand, immobilization of these peptides has
enabled cell growth on otherwise cell unfriendly materials.”* Although strong integrin-
mediated adhesion of NCCs to the SLB surface was observed in the case of RGD, the cells
lost their connective structural integrity resulting in cell death. Tissue cohesiveness was
maintained when Xcad-11 was presented to the animal caps that were induced for neural
crests. This observation was attributed to a switch in cadherin profile. Wild-type animal
caps could only be maintained on a E-cadherin modified SLB. Moreover, this behaviour
was not only strongly dependent on the type of ligand, but also on the interligand spacing

with an observed optimum of ca. 5.7 nm.”**

*® NCC: neural crest cells
“SOPC: 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
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Figure 1.13: Mimicking cell-cell contacts on SLBs; a) SLBs were modified with E-cadherin and
deposited on PDMS microwells for 3D presentation of mobile ligands to cells. Reprinted with
permission.131 Copyright 2011, Royal Society of Chemistry. b) Effect of 2D vs. 3D on E-cadherin
clustering in MCDK-cells. Reprinted with permission.234 Copyright 2012, Royal Society of Chemistry.

Tissue formation during morphogenesis occurs via self-assembly of pluripotent cells. The
initial step in this process is the generation of a tissue template determined by the
spatiotemporal patterning of cells. This step relies heavily on the expression of cell
adhesion proteins, like the ones belonging to the cadherin family. In particular N-cadherin
is known to be involved in the formation of junctional cell-cell contacts. Moreover, it has
been implicated in mesenchymal condensation during limb bud, cartilage and skeleton
development. N-cadherin modified SLBs were used to elucidate and guide emergent tissue
architectures by PDC™ cells. Here, NTA-modified SLBs were chelated with Hisg-tagged N-
Cadherin.”® Successful modification of the SLB was confirmed using QCM-D. In general,
less cell spreading was noted for PDCs seeded on SLB, with or without N-cadherin,
compared to glass controls. At low seeding densities PDC acquired a spheroid morphology

“ ppc: primary adult periosteum derived multipotent cells
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on N-cadherin modified SLBs while at high seeding densities cells tended to form
aggregates. In the latter case, down regulation of junctional proteins N-cadherin (CDH2
gene) and ZO-1 (TJP1 gene), matricellular protein Periostin (Postn gene) and markers for
mesenchymal condensation and early lineage commitment to osteochondral and
adipogenic fates was found. This, in combination with up-regulation of the gene for
hyaluronic acid (HA3 gene) concomitant with down-regulation of CD44, (hyaluronic acid
receptor) suggest a pre-condensation state of PDCs grown at high density on N-cadherin-
modified SLBs. In contrast, unmodified SLBs drive PDCs towards the osteochondral lineage
with associated up-regulation in markers genes.235 This study highlights the potential of
SLBs to investigate the mechanisms involved in tissue development and homeostasis.

1.9.3 3D presentation of ligands using SLBs

Studying cellular behaviour on a single in vitro platform thereby mimicking the three-
dimensional environment of neighbouring cells has been shown by Reimhult and co-
workers (Figure 1.13). CHO®* cells were cultured in SLB-coated PDMS microwells to enable
a 3D presentation of the extracellular domain of E-cadherin. MPPC" lipids with a T,, of
35°C were used to switch between a mobile and immobile presentation of E-cadherin by
changing the cell culture temperature. The SLB was modified with streptavidin and
biotinylated-antibodies to capture the extracellular domain of E-cadherin. Under normal
cell culture conditions (37°C) the CHO cells experienced mobile ligands while cells cultured
at lower temperatures (30°C) interacted with immobile E-cadherin. Analysis of the actin
cytoskeleton showed that stress fibre formation was impaired on the mobile SLB, while
immobile SLBs showed the presence of distinct actin bundles after 14 hours of cell culture
(Figure 1.13a).”*" In a subsequent study a similar platform was used to study whether
basolateral polymerization of cells, a characteristic of epithelia, could be induced on single
MDCK® cells. It was unclear whether basolateral polymerization is due to increased cell-
cell contacts or a combined effect of morphological changes and cell-cell contacts. Both 3D
SLBs in microwells as well as 2D SLBs decorated with E-cadherin showed clustered E-
cadherin in the basal region, indicative of cadherin-mediated adhesions. The SLBs in
microwells did not significantly alter the baso-vertical distribution of both E-cadherin and
Na*, K’-ATPase when compared to 2D systems. Therefore in this system no evidence was
found that the dimensionality of the microenvironment has an impact on E-cadherin

clustering or distribution of polarity markers (Figure 1.13b).”**

¢ CHO: Chinese hamster ovary

fmPPC: 1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine
& MDCK: Madin-Darby canine kidney epithelial cells
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1.9.4 Mimicking cell-ECM contacts using peptide-modified SLBs

Mimicking the ECM to promote neural cell adhesion onto SLBs was achieved by modifying
the SLB with laminin derived peptides. Peptides derived from the extracellular matrix
glycoprotein laminin-1 are known to facilitate cell adhesion and can influence neurite

236 Among them the IKVAV motif was found to elicit these responses in pCc12™

outgrowth.
cells. On SLBs, it was shown that cysteine terminated IKVAV peptides conjugated with
198 AHP" cells grown on IKVAV and

scrambled VKAIV modified SLBs also show a clear preference and enhanced cell adhesion

maleimido-POPE lipids promoted PC12 cell adhesion.

towards the natural laminin-1 epitope. At 3 mol % (ca. 4.7 nm spacing) an 11-fold increase
in cell attachment was observed for IKVAV-SLBs compared to the control VKAIV-SLBs.
Utilizing the IKVAV motif on mobile SLBs and poly-electrolyte-multilayers (PEM), the effect
of ligand density and mobility was explored on AHP cells. In both cases a clear trend
towards more cell attachment was observed for higher ligand densities, following a
sigmoidal dependence on peptide concentration. Remarkably, early cell attachment within

1 hour, was not affected by the lateral mobility of the ligands in the sLB.?’

To gain more
insights into AHP cell behaviour over longer periods of time, mobile SLBs were modified in
situ with varying densities of the IKVAV peptide ranging from 0-10 mol % (0-ca. 2.5 nm
spacing) (Figure 1.14a). Compared to control polynithine/laminin surfaces, IKVAV modified
SLBs at an optimal density of 3 mol% (ca. 4.7 nm spacing) displayed similar cell adhesion
kinetics after 1 hour of cell culture. Interestingly, after 8 days of culture distinct cell
clusters were observed for AHP cells grown on IKVAV-SLBs while monolayer formation was
observed for the control polynithine/laminin surfaces. Further examination of AHP cell
differentiation, e.g. GFAP (glia) and MAP2ab (neurons) did not show significant
differences. Various explanations exist to explain the appearance of cell clusters, such as
the absence of other adhesive ligands found in laminin, recruitment of mobile IKVAV
attachment points thereby resulting in depletion, removal of the peptide-lipid from the
SLB and also neighbouring cells could provide a more stable anchoring point and would

therefore be more preferred than the SLB.”*®

More recently, NSC' cell adhesion was explored on ECM mimicking SLBs (Figure 1.14b).
RGD peptide lipids were synthesized and incorporated in mobile SLBs. Upon introduction
of the RGD-modified lipids up-regulation in cell attachment was observed for both RGD
derivatives that were studied e.g. bsp-RGD(15) and GRGDSP. The longer bsp-RGD(15)
sequence, i.e. GGGNGEPRGDTYRAY, is assumed to be present in a looped conformation
stabilized by the opposite-charge interactions between glutamic acid and arginine
providing improved integrin receptor engagement compared to GRGDSP. In addition,

?h PC12: cell line derived from a pheochromocytoma of the rat adrenal medulla
" AHP: adult hippocampal progenitor cells
"'NSC: adult hippocampal neural stem cells
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surface tethering was shown to induce a type Il B-turn, found in the more potent cyclic
RGD derivatives. Cell morphology in the case of bsp-RGD(15), resembled observations on
control laminin surfaces while more spheroid cells and cell clusters were observed on
GRGDSP presenting SLBs, suggesting improved integrin engagement of bsp-RGD(15) over
GRGDSP-modified lipids.”
ligands to modify mobile SLBs was investigated. To this end, a multivalent cRGD ligand was
evaluated on HEK293" cells. The ligand bears four cRGD motifs (@ 3nm) and is able to bind
one o,B; integrin receptor (@ 10nm). Cells cultured at densities of 1 mol% (ca. 10 nm

Due to the increased potency of cyclic RGD, the use of such

spacing) were able to flatten and form filopodial extensions. In addition, these cells were
able to migrate over the SLB surface. At lower densities of the peptide ligands, cells were

not able to flatten and instead the cells adopted a spheroid morphology.**°

The effect of ECM-ligand density in combination with varying the lateral mobility was
explored for human primary chondrocytes as described in detail in Chapter 5. The
experiment revealed distinct cell behaviour upon increase of a RGD amphiphile. In the
case of liquid-state SLBs for the mobile presentation of RGD, cell viability and density
scaled with an increase in RGD doping density. At an interligand spacing of < 100 nm cell
spreading was noted as was revealed by cell shape analysis. On the contrary, gel-state
SLBs doped with a relevant amount of immobile RGD amphiphiles showed an overall high
cell viability and spreading with a tendency to form cell aggregates. The onset of
aggregate formation was observed for interligand spacings of 100 nm and lower. The
variation in lateral mobility was correlated to differences in focal adhesion assembly and
cytoskeleton organization, most likely caused by differences in traction forces.””

1.9.5 Mimicking cell-ECM contacts by decorating SLBs with ECM proteins

To more carefully mimic the cell-ECM interface native ECM molecules can also be
incorporated in SLBs (Figure 1.14c). Although tissue culture plastics can be coated with
ECM molecules, they do not offer control over the density and the mobility and are known
to be fouling. In the case of SLBs, ECM molecules are coupled directly to lipids embedded
within the SLB, e.g. type | collagen, which can associate to integrin receptors, can be linked
via its lysine residues to NHS-activated DP-NGPE lipids in inert, zwitterionic POPC SLBs.
During the reaction the increase in mass was monitored using QCM-D and the amount of
collagen was varied as a function of DP-NGPE doping densities ranging from 0 to 40 mol%.
At DP-NGPE densities over 40% an incomplete bilayer formation was observed. Upon AFM
analysis micrometer sized collagen fibrils were observed on SLBs bearing 20 mol% DP-
NGPE while the thickness of the bilayer was confirmed. In addition, the higher the
amounts of collagen on the bilayer, the lower the lateral diffusion on the SLB observed.

% HEK293: human embryonic kidney cells
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Figure 1.14: Mimicking cell-ECM contacts on SLBs; a) SLBs were modified with laminin-derived IKVAV
peptides to support AHP cell adhesion. Reprinted with permission.238 Copyright 2008, John Wiley &
Sons. b) Fibronectin-derived RGD peptide amphiphiles were used to modify SLBs for NSC adhesion.
Reprinted with permission.zg’9 Copyright 2010, Elsevier. c) Direct modification of the SLB with ECM
proteins was shown for collagen. Collagen-modified SLBs supported cell adhesion and spreading.
Reprinted with permission.170 Copyright 2010, American Chemical Society. d) The use of a 2D Anx5
protein network for the presentation RGD peptides. Cell adhesion behaviour could be influenced by
altering the RGD surface density on the 2D protein crystal. Reprinted with permission.241 Copyright
2007, American Institute of Physics.
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These changes are most likely attributed to the increasing amount of saturated DP-NGPE,
which has a higher T, compared to POPC, 41°C vs. -10°C. Although no evidence of phase
separation was found, the presence of nanoscopic domains of DP-NGPE could act as
diffusion barriers thereby retarding the lateral mobility. A10" cells were seeded on the
collagen decorated SLBs and the growth of A10 cells was evaluated. On collagen modified
SLBs a 2.5-fold increase in cell number was observed as well as a 6-fold increase in
projected cell area when compared to bare POPC SLBs after overnight cell culture.'”
Adopting the same chemistry, various proteins were immobilized on mobile SLBs and
positively evaluated for NIH3T3 cell growth. Next to collagen type I, fibronectin or BSA,
and combinations of two proteins on SLBs were evaluated in cell culture. A direct
comparison was made to tissue culture polystyrene (TCPS).>*?
covalently attached to the surface using NHS chemistry while the second protein was

The first protein was

adsorbed on the first layer. In the case of covalently attached collagen type | and adsorbed
fibronectin, specific binding between collagen type | and fibronectin binding domains was
suggested based on comparative QCM-D studies with BSA.>*
hours of cell culture, preferential adhesion was noted to the collagen type | and

Upon cell analysis after 6

fibronectin modified SLBs. Cell adhesion was further improved on bimodal surfaces
displaying covalently attached collagen type | and adsorbed fibronectin, which was
reflected in both cell number and area. It was found that NIH3T3 fibroblasts were able to
actively remodel their fibronectin environment on TCPS modified surfaces while this
behaviour was not observed in the case cells were grown on ECM-presenting SLBs. This
can be ascribed to the inherent non-fouling nature of the PC SLBs that were used.
Nevertheless, strong preferential adhesion towards ECM-modified SLBs was observed.**

In an attempt to generate a mimetic cell adhesive surface based on polysaccharides,
hyaluronic acid (HA) was conjugated to an SLB surface. HA is an anionic linear
polysaccharide consisting of disaccharide repeats bearing a carboxyl group. HA may act as
an attractive or repulsive spacer between cells depending on the presence of HA-
receptors e.g. CD44. Early work where HA was conjugated to glass surfaces, lacked control
over the HA density and mobility.”** To overcome these shortcomings, recombinant His-
tagged p32 HA binding protein was chelated to the SLB surface via chelating lipids (DOGS-
NTA). Subsequent introduction of HA showed specific binding to the p32-modified SLB.**’
More recently, HA grafted SLBs were prepared using biotinylated lipids and HA.
Similarly glycosaminoglycans (GAG) and sulphated GAGs like chondroitin sulphate (CS),
large unbranched polysaccharides found in the ECM, were conjugated to SLBs as well. CS
plays an important role in bone and cartilage tissue and is capable of binding growth
factors and ECM molecules like bone morphogenic protein 2 (BMP-2) and collagen type |,

246

" A10: vascular smooth muscle cells
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respectively. CS was covalently linked to DOPE-COOH™" or DOPE-NH, bearing SLBs. In both
cases successful modification was confirmed using QCM-D. Studying the AD/Af ratio
similar viscoelastic properties for both modification strategies were found as well as
preservation of lateral mobility, ca. 0.9 pum?/s. Bio-activity of the layers was confirmed

with collagen type | and BMP-2 binding.247

1.9.6 Mimicking cell-ECM contacts using a protein network for peptide presentation

Instead of covalent attachment of ECM molecules or peptide sequences to the SLB directly
or the use of peptide amphiphiles, the use of an intermediate rigid 2D protein layer as a
carrier for ligand presentation was shown (Figure 1.14d). Here, Anx5 was used to provide
a self-assembling 2D matrix for ECM peptide presentation.224 These highly ordered
structures comprise of 33,000 molecules/um’ and have a spacing of 6 nm between
adjacent Anx5. Mutant rat Anx5 was prepared of which the single cysteine residue at
position C314S was removed and a single cysteine residue was introduced at position
T163C. These cysteine bearing mutants (Anx5-SH) allowed for disulphide bond formation
between cysteine containing RGD (GCRGYGRGDSPG) or IKVAV (CSRARKQAASIKVAVSADR)
peptides. Early work on Anx5 showed 2D crystal formation on DOPS doped SLBs.”* Hence,
DOPC and DOPS (7:3 w/w) SLBs were prepared to allow for Anx5 2D crystal formation.
QCM-D experiments confirmed calcium-dependent binding of Anx5-RGD and Anx5-IKVAV
derivatives to the SLB surface. The higher dissipation values indicate a highly hydrated,
extended structure, favourable for integrin interaction. AFM and TEM analysis further
confirmed that 2D crystal formation was not impaired in case of Anx5-peptides. Similar to
native Anx5, a hexagonal packed crystal structure was observed. TEM derived unit cell
dimension and the p6 symmetry are similar to Anx5. Integrin engagement was studied
with HSVE™ and undifferentiated MES® cells. HSVE cells were able to adhere on Anx5-
RGD SLBs showing cell spreading and focal contact points on the cell periphery, similar to
HSVE cells grown on gelation controls. Native Anx5 SLBs did not promote HSVE cell
adhesion and spreading while Anx5-IKVAV only showed limited cell adhesion. In this case,
quiescent cells displayed a spheroid morphology. Cell density observed on Anx5-RGD was
higher than the gelatin control surfaces. MES cells however, displayed similar growth
behaviour on Anx5-IKVAV and gelatin surfaces, often used as a reference substrate. This
effect was less pronounced on Anx5-RGD surfaces. Dilution of peptide bearing Anx5 was
achieved by addition of native Anx5, providing means to alter the interligand spacing,
proven by a liposome binding assays. For both Anx5-RGD and Anx5-IKVAV, cell adhesion
was observed as low as 300 peptides/um2 corresponding to 58 nm spacing, for HSVE and
MES cells respectively.”** These values are similar to values obtained by Spatz and co-

™™ DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
" HSVE: human saphenous vein endothelial cells
°° MES: mouse embryonic stem cells
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workers.**® Recently, the stabilizing effect of Anx5 was shown on pore spanning SLBs. AFM

indentation studies showed increased rigidity of the Anx5 decorated SLB.**

1.9.7 Cell adhesion on charged SLBs

In contrast with other studies that focussed on mimicking cell-cell or cell-ECM contacts on
SLB surfaces, the use of charged SLBs can be used as a platform for cell adhesion. The
incorporation of simply charged species allows differentiation between the extent of cell
adhesion. This was demonstrated with the addition of DOTAP®, a positively charged lipid
that was added in zwitterionic PC SLBs. Cultivation of rat embryonic cortical neurons
showed an increase in cell adhesion on the positively charged SLB (Figure 1.15a).
Moreover, they found a positive correlation between doping density of DOTAP and cell
viability. Cell adhesion was attributed to the attractive forces between the positively
charged SLB and negatively charged neuronal cell membrane. Protein deposition can
however not be excluded to have inferred in this process. In addition, the stability of the
SLB for at least 19 days was demonstrated under neuronal cell culture conditions.”°
Defects in the SLBs could be observed that corroborate with previous observation by
Tamm and McConnell.*® A similar effect was observed previously with Hela®™ and NIH3T3
cells cultured on SLBs of varying compositions. Alterations were made in charge densities
by addition of either positively or negatively charged lipid within zwitterionic PC SLBs.”*
For example, DAP" and PS were used as a positively and negatively charged lipid,
respectively. Their findings with these naturally adherent cells showed that the negative
charge on PS was able to support cell adhesion at 5 mol% doping density. Strikingly,
similarly charged PG lipids did not show this behaviour demonstrating the chemical
specificity of initial cell attachment in these cell lines and the potential of directing cell
fate by charge only.

1.10 Use of gradient SLBs for cell studies

1.10.1 Screening of RGD-lipid density in SLBs

Screening of biological probes on cell function is of great interest to the scientific
community. A gradient allows for screening variations in surface compositions against one
cell population in one experiment. Using RGD-modified lipids and a microfluidic network
device, changes in RGD doping density were achieved on mobile SLBs prepared on a
patterned surface (Figure 1.15b). Mouse fibroblasts were grown on these SLBs with or
without a hydrophilic spacer consisting of poly-ethylene-oxide (PEQO). Only the RGD
amphiphiles that bear a hydrophilic spacer were able to promote cell adhesion in a

PP DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane
% HELA: human cervical carcinoma cells

" DAP: 1,2-dipalmitoyl-3-dimethylammonium-propane
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Figure 1.15: Charged and gradient SLB cell culture platforms; a) the use of positively charged SLBs in
neuronal cell culture was evaluated. Adhesion is a cumulative effect of protein deposition and
electrostatic attraction between the anionic cell membrane and cationic SLB. Reprinted with
permission.250 Copyright 2012, American Chemical Society. b) Using an intricate fluidic network over
a patterned surface and flowing lipid vesicles with varying densities of RGD amphiphile, RGD surface
density could be tuned in SLBs as confirmed with cell adhesion studies. Reprinted with
permission.252 Copyright 2007, American Chemical Society. c) The use of locked-in gradients of
mannose in SLBs were used to study the binding of E. coli (ORN 178) under varying shear stress
conditions.
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concentration-dependant manner due to enhanced integrin engagement. A plateau was
reached at higher RGD densities with respect to the fraction of adhered cells while an

. . . 252
increasing trend in cell area was observed.

1.10.2 Use of locked-in SLB gradients for cell studies

Studying cell-cell recognition events on artificial surfaces often require multiple receptor-
ligand complexes to form as they do natively.253 For instance, microbial pathogens display
copies of receptors on their cell surfaces that bind to their respective target ligands on

their hosts.”*

In the case of surface immobilization, the surface density of these ligands
was found to influence this behaviour. To study these phenomena in greater detail the
field of quantitative glycomics have made use of glycan microarrays to identify and
characterize pathogens that target glycoproteins on cell surfaces.”> Although such
analysis has been successful in determining the specificity and affinity of pathogenic
lectins towards carbohydrates, the effect of glycan surface density has been a more

difficult parameter to investigate.”****®

Such methods often require the preparation of
several surfaces with discrete ligand densities, a cumbersome process prone to errors.
Such discrete ligand densities can be relatively easily introduced in SLBs. This has been
demonstrated for discrete SLB surfaces that are modified with varying densities of
mannose.”® Mannose, present on mammalian cell surface glycoproteins, can be bound by
fimbrial FimH receptors found on pathogenic E. coli strains. Although specific
immobilization was observed in these mimetic SLB systems, analysis is limited to the
concentrations that were prepared a priori. Moreover, mannose-FimH interaction not only
depends on the surface density of mannose,” but is affected by shear stress due to flow
conditions,”® which can normally be assessed using separate techniques. Stable and
continuous surface gradients were prepared in SLBs of mannose and used to study the
binding of E. coli ORN 178 (Chapter 4) (Figure 1.15c). The proposed method allowed for
the analysis of binding in relation to the applied shear stress induced by bulk flow
provided by microfluidics. This one-chip glycomics analysis provided insights into FimH-
mannose binding at varying surface densities and levels of shear stress while using a
membrane mimetic system.

1.11 Use of patterned SLBs in cell studies

1.11.1 Use of micro-contact printed patterned SLBs

The versatility of SLBs is also reflected by the ease to prepare surface patterns or varying
compositions, vide supra. Physical diffusion barriers given by the microcontact printed
lines of fibronectin proteins are employed to confine the lateral mobility of fluorescently
labelled lipids in mobile SLBs (Figure 1.16a).68 These fibronectin patches embedded within
cell repellent zwitterionic SLBs are used to study the effect of geometry and dimensions
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onto the adhesion of CPAE®™ cells. The results showed that adhesion occurred exclusively
in the fibronectin regions. In addition, cell spreading behaviour and extent could be
modulated by varying the size of printed square regions.69 Similarly, fibronectin patterns
were used to provide stable anchoring points to MCF-7 cells while still presenting cells
with mobile ligands, such as human (h)EGF. A patterned array of 5 um circular spots
spaced 10 um apart were used. MCF-7 cells engaged multiple fibronectin spots resulting in
cell flattening and spreading, not observed with MCF-7 cells grown on mobile hEFG-SLBs
(Figure 1.16b). The use of a fibronectin array increased hEFG-associated fluorescence
clustered by MCF-7 cells by 1.5 to 2-fold over hEFG doped SLBs only.**

a)

‘Stamp fibronectin
onto glass
substrate

Incubate with
lipid vesicles

Substrate with
patterned protein
and lipid bilayer

Incubate with
serum albumin

Cell adhesion onto
micropatiered
surface

b)

PR @. PR
induced migration anchors ;

separation of mobile cell attachment and
and immobile ligands spreading

Figure 1.16: Micro-contact printing for generating patterned SLBs for use in cell studies; a) printed
barriers of fibronectin served as anchoring points for cell adhesion while the SLB acted as a non-

fouling background in the exposed regions of the substrate. Reprinted with permission.69 Copyright
2001, John Wiley & Sons. b) Study of mobile hEFG associated with the SLB and cell adhesion. Cell
spreading and flattening was only observed in cases where fibronectin spots were printed on the
substrate. Reprinted with permission.225 Copyright 2005, American Chemical Society.

** CPAE: cow pulmonary arterial endothelial cells
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1.11.2 Use of particle-based SLB systems

To study the effect of surface rigidity on the cytoskeletal dynamics upon cell adhesion,
mobile and immobile presentation of E-cadherin can be employed. Instead of presenting
E-cadherin on a planar SLB surface as described in the previous section, the molecule was
delivered on silica beads measuring 5 um in size. These beads were modified with a NTA-
bearing mobile PC SLB to allow the chelation of hEFG to occur. Other beads were
incubated with a hEFG solution to physisorb the protein. The resulting beads display
therefore ligands in a mobile or immobile fashion, respectively (Figure 1.17a). Mobility of
the ligand was found to be 0.3 umz/s with an >80% mobile fraction. In this study, the
human analogue of E-cadherin was used since the extracellular domain of canine E-
cadherin was found to be essentially immobile on SLBs. This human analogue displayed
cross-species activation and could therefore be used instead of canine E-cadherin with
MDCK cells. These MDCK cells were grown on collagen coated coverslips and transfected
for a GFP-tagged Racl and DsRed-E-cadherin. Racl recruitment, member of the Rho family
small GTPases, is heavily involved as an E-cadherin downstream and upstream effector of
cytoskeletal dynamics, was shown for mobile hEFG presentation. This was evidenced by an
increased recruitment of Racl compared to the immobile controls. The amount of
adsorbed and immobile hEFG was around 300 moIecuIes/umZ. However, a four times
higher concentration (ca. 1200 molecules/umz) of adsorbed, immobile hEFG showed
similar Racl recruitment to mobile hEGF presentation at low densities. No evidence of

Racl recruitment was found for bare SLB control and low concentration immobile hEFG.?*

More recently, an adaptation of block copolymer micelle nanolithography (BCML)
developed by Spatz and co-workers”®® was combined with SLBs (Figure 1.17b). BCML
enables the preparation of defined arrays of gold nanoparticles with a distinct quasi-
hexagonal spacing.”®® Nucleation sites for nanoparticle growth are created during the
phase separation of the block copolymers into a micelle array. After removal of the
organic components with a plasma treatment, an ordered array of gold nanoparticles is
left behind on the surface of which the spacing is defined by the molecular weight of the
block copolymer. In this way, gold nanoparticles of 7 nm in size were arrayed on glass with
spacings ranging from 58 to 151 nm and used as a substrate for SLB pattern formation.
The effect of gold nanoparticles on lipid and SLB-associated protein diffusion was studied
with either a fluorescent lipid (TR-DHPE) or fluorescent protein (His;,-mGFP) chelated to
NTA-DOGS lipid within mobile PC SLBs, respectively. FCS measurements revealed no effect
on the lipid mobility as indicated by an unaltered TR-DHPE diffusion of 2 um?/s,
irrespective of the gold nanoparticle density. His;,-mGFP diffusion was susceptible to
particle spacing ranging from 1-2 umz/s with a trend towards higher mobility at lower
particle densities. These results confirmed earlier work by Roiter and co-workers who
demonstrated that nanoparticles measuring 1.2 to 22 nm in size can be embedded within
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Figure 1.17: The use of particle-based SLBs for cell studies; a) silica particles either coated with

physisorbed E-cadherin or presented in a mobile fashion on an SLB-coated bead were used to study
Racl recruitment. Enhancement at low surface density was only observed when E-cadherin was
presented in a mobile fashion on the SLB-coated particle. Reprinted with permission.261 Copyright
2010, Springer Science. b) Block copolymer micelle nanolithography was combined with SLBs for the
study of MDA-MB-231 cell adhesion upon varying RGD and ephrin-Al presentation. Reprinted with

permission.263 Copyright 2011, American Chemical Society.
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°12%% Embedded gold nanoparticles

an SLB instead of being covered by a lipid membrane.
within an SLB can be used to immobilize ligands using NHS-chemistry, NTA-chelation,
biotin-streptavidin interaction and in DNA hybridization. The gold nanoparticle array in
combination with a mobile SLB was used to study MDA-MB-231" cells. This cell line is
known to overexpress the EphA2 receptor tyrosine kinase that interacts with its ligand
265286 The MDA-MB-231 cells were unable to interact

with control surfaces consisting of NTA-modified SLBs and naked gold nanoparticles. Upon

ephrin-Al in a juxtacrine fashion.

modification of the gold nanoparticles with ephrin-Al ligands, artificial cell-cell contacts
were formed resulting in cell adhesion to the substrate surface, but not to a control bare
glass surface. Subsequent modification of the mobile SLB with RGD peptides resulted in
improved cell attachment due to integrin-mediated adhesion as concluded from a more
flattened and spread cell morphology, demonstrating the bimodal nature of such particle-
based SLB interfaces.”®

1.11.3 Use of metal corrals in SLB studies

The use of SLBs prepared on glassy substrates patterned with chromium (Cr) corrals was
pioneered by Groves and co-workers to elucidate the IS formed during antigen recognition
by T-cells.”® Silica substrates patterned with 100 nm wide Cr-lines in various
configurations that were prepared with E-beam lithography and served as a substrate for
SLB formation. The bilayer was decorated with pMHCs and ICAM-1 in an attempt to mimic
the native APC" cell and T-cell interaction upon antigen recognition (Figure 1.18a). pMHC
on the APC membrane interacts with the T-cell receptor (TCR) to form a region that can be
assigned as the central supramolecular activation cluster (c-SMAC). This region is
surrounded by a ring of interactions between leukocyte function associated antigen-1
(LFA-1) on the T cell membrane and ICAM-1 on the APC that can be assigned as the
peripheral supramolecular activation cluster (p-SMAC). Upon T-cell culture on the APC-
mimetic and patterned surfaces, stable formation of TCR microclusters were observed and
stable trapping of these clusters by the Cr-barriers. In general, these microclusters were
pulled into the corner of the grid that are nearest to the centre of the IS. Signalling activity
was evaluated by the cytoplasmic distribution of phosphorylated tyrosine (pY) residues
associated with TCR clusters. It was found that the frustrated IS imposed by the surface
patterns retained high specific pY levels. However, microclusters towards the centre of the
IS showed a loss in activity similar to IS formed on unpatterned APC-mimetic SLBs. These
results suggest that the duration of TCR-pY signalling is related to the radial position of the
TCR instead of cluster size. This was confirmed with the flux of intracellular Ca®* induced
by TCR antigen recognition.”®” In a subsequent study using a similar platform, the effect of

268

LFA-1 clustering on protein sorting in the IS was explored (Figure 1.18b).”>" This was

“ MDA-MB-231: highly invasive human breast cancer cell line
“ APC: antigen presenting cell
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Figure 1.18: Use of metal corrals in SLBs for cell studies; a) analysis of IS formation on planar SLBs
and SLBs with metal corrals. Reprinted with permission.267 Copyright 2005, American Association for
the Advancement of Science. b) Protein sorting in the IS by crosslinking LFA-1 by means of
antibodies. Reprinted with permission.268 Copyright 2009, United States National Academy of
Sciences. c) Ligand-induced activation and the effect of receptor clustering using SLBs with corrals.
Reprinted with permission.265 Copyright 2010, American Association for the Advancement of
Science.
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achieved by either direct antibody crosslinking of the receptor or crosslinking of the ICAM-
1 on the SLBs. Upon clustering of LFA-1 in a bivalently or tetravalently fashion, the
distribution could be biased towards the centre of the IS. Similar effects were shown for
bivalent crosslinking of ICAM-1 on the SLB. As a result, protein sorting in the IS is
dependent on protein cluster size and thus frictional coupling of the actin cytoskeleton.268
Moreover, it was found that T-cell triggering was dependant on the amount of activating
ligand per TCR cluster and not on the total amount of ligand presented to the cell. This
effect was studied by varying the size of the Cr-corrals thus laterally limiting the amount of
SLB bound ligand to interact with TCR clusters.”® These patterned metal corrals can be
combined with microfluidics to fabricate patterned SLBs. For example, an interdigitated
array of photoresist on glass was combined with a microfluidic array that could provide
three laminar flows used for vesicles. By adopting this approach, the interdigitated region
could present two distinct bilayer compositions. These alternating 5 um wide regions were
used to study spatially segregated, micro-patterned ligands to cells. The TCR and LFA-1
were studied on APC. The two SLBs, separated by the photoresist barrier, were doped
with either biotinylated or NTA head-group modified lipids. After streptavidin was
associated to the biotinylated SLB, biotinylated-OKT3 antibody was allowed to interact
with streptavidin. The OKT3 antibody is known to recognize and activate the TCR receptor
on the APC cell membrane. A His-tagged derivative of the natural ligand of LFA-1, ICAM-1,
was chelated to the NTA-modified SLB. Analysis of both complexes revealed a lateral
mobility of 0.39 and 0.23 umz/s for ICAM-1 and OKT3, respectively. After incubating the
cells for 2 hours clustering of both complexes was observed. These complexes tended to
be localized towards the centre of the APC cell. The spatial reorganization suggest IS
formation requires concurrent presentation of both OKT3 and ICAM-1, to achieve the
traditional ‘bull’s eye’ formation where TCR localizes in the centre and LFA-1 on the
periphery.”’”°

Using SLBs with Cr-corrals, large scale mobility of the EphA2 receptor tyrosine kinase could
?%> The EphA2 is implicated
and functionally altered in a various types cancers. For instance, in human breast cancer

be modulated thereby altering cell behaviour (Figure 1.18c).

the receptor is overexpressed in 40% of the cases.””* Traditionally, EphA2 is activated by
its natural ligand Ephrin-Al, resulting in receptor dimerization and triggering subsequent
signalling pathways. In vitro, EphA2 activation is only achieved with soluble Ephrin-A1l that
has been chemically cross-linked. Here, cross-linked Ephrin-A1l modified SLB were used to
study the downstream effects of freely 2D laterally mobile ligands and space constrained
ones. Cross-linked Ephrin-Al was required since monovalent, freely soluble ephrin-Al
ligand binds to EphA2 but fails to trigger activation in solution.””” To this end, the glass
substrates with Cr-barriers of varying sizes were back-filled with mobile SLBs decorated
with Ephrin-Al. This was achieved by doping PC SLB with 0.1 mol% of biotinylated lipid
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and associating ligands via biotin-streptavidin interaction. Care was taken to ensure
similar ligand densities on the SLBs compared to the density of EphA2 receptors on natural
membranes, i.e. 800 molecules/umz. Upon MDA-MB-231 cell culture on unconstrained
SLBs, clusters of EphA2 were observed displaying inward radial transport on Ephrin-Al
modified, mobile SLBs. Co-movement with B-actin suggested EphA2 transport governed by
actomyosin contractility, confirmed by means of Rho kinase inhibition. This long-range
organization effect was diminished when the mobile SLB was exchanged for immobile
DPPC-based SLBs, confirmed by decreased phosphorylation of the receptor. To rule out
intermembrane anchoring, RGD peptide was displayed alongside the Ephrin-Al ligand in
varying molar ratios. lIrrespective of RGD:Ephrin-A1 molar ratio, EphA2 receptor
translocation was observed on mobile SLBs. Varying the degree of partitioning of the
Ephrin-A1l receptor in the mobile SLB by means of a patterned Cr-grid, two distinct states
were identified. Small 500 nm girds allowed cells to spread and showing predominantly
peripheral f-actin and lamellipodia, similar to cells cultured on RGD modified glass without
Ephrin-Al. Here, the physical resistance to EphA2 receptor transport altered the threshold
for Ephrin-Al mediated cytoskeletal reorganization and ADAM10 recruitment, involved in

273
The results

ectodomain transshedding of Ephrin-Al as a result of EphA2 ligand binding.
of this study demonstrate that physical interference with receptor clustering can alter the

ligand-induced activation.”®

In a subsequent study, successful activation of EphA2-expressing cells was shown for

266 " N .
A monomeric fusion protein was

monovalent Ephrin-Al chelated to the SLB.
immobilized to the bilayer by means of Ni-NTA chelation. Experiments showed stable
anchoring of the complex for at least 16 hours. Specific immobilization was confirmed by
the addition of 100 mM EDTA. Using FCS and photon arrival times (PCH) showed that the
membrane-associated Ephrin-Al is predominantly monomeric and laterally mobile, 2.3 +
0.2 pm’/s. Similar observations were made with respect to mechanical constraints
imposed by surface patterns in the case of monomeric Ephrin-A1**® when compared to

. . . . . 265
observations with cross-linked derivatives.

The results illustrate that the spatio-
mechanical sensitivity is not an artifact of the chemical cross-linking of the ligand, and that
the monomeric ligand allows for investigation of initial EphA2-Ephrin-A2 clustering and

transport on SLBs.”*®

Fabricated Cr-line patterned glass surfaces were functionalized with RGD on mobile SLBs
via biotin-streptavidin interactions. In a variety of adherent cell lines, HeLa and MDCK, a
trend towards a more spread morphology was observed as a function of decreasing pitch
of Cr-lines. Interestingly, RGD-integrin clusters that were formed after initial cell contact
with the SLBs tended to move laterally towards each other. When line patterns were
introduced these clusters piled up against the metallic barriers. Cell spreading could be
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modulated by the density of periodic metallic line barriers. Thereby impeding the lateral
mobility and defining where forces are passively generated. Contractility of the actin and
myosin rich RGD-integrin clusters could effectively be blocked by myosin-II inhibitor
blebbistatin. The results suggest that early integrin activation and cluster formation,
comprising of talin, paxillin and FAK, are independent of lateral forces, although vinculin
recruitment was only observed upon contraction on Cr-line surfaces.””

24,265,274 .
matrix-

Since force generation can be explored using SLBs and Cr-diffusion barriers,
dependent mechanical regulation of adhesion formation can be evaluated using such
platforms. Apart from focal adhesion complex formation, which links the ECM to the actin
cytoskeleton, other integrin-mediated assemblies known as podosomes can be studied.””
These multimolecular structures are often seen in monocytic-derived cells, e.g.
macrophages, as their primary adhesion complex to the substratum. The core of
podosomes comprise of WASP, cortactin Arp2/Arp3 and actin filaments.”’® The podosome
core is surrounded by a ring of integrins and focal adhesion associated proteins,277 such as
talin, paxillin and vinculin. Sheetz and coworkers found that fibroblasts, RPTP*/*" and
REF52"" cells, cultured on RGD modified mobile SLBs formed podosome-like assemblies
without artificially elevating Src activity.” In the case of REF52 cells, as early as 45 minutes
after cell seeding, podosome-like structures were observed in 70% of the cell population,
an effect not seen on RGD-modified glass surfaces. Characteristic actin clusters were seen
that were positive for both vinculin and paxilin on the periphery, in fibroblast cells
transfected to express the suitable markers as fluorescent fusion proteins. In addition,
Arp2/Arp3 were enriched within the podosome core and podosome formation could be
inhibited by addition of inhibitor CK-666. Focal adhesion formation was restored upon
introduction of Cr-line barriers spaced 1 um apart, indicating that force generation could
occur against the diffusion barriers without observable podosome formation. Increasing
the line spacing larger than 2 um allowed podosome formation to occur, as was the case
on a dot array. In the case when cells were grown partially on 1 um spaced Cr-line barriers

. 25
and on control glass, both adhesion complexes were observed.

" RPTPa+/+: mouse embryonic fibroblast cells
“" REF52: rat fibroblast cells
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1.12 Towards in vivo application of SLBs

a)
Proton pump
Ta"”;“"?’ peptide Nuclear membrane
/
Vo
B
r = ¥ Endosome
2 < N
g Nuclear pore &
LY
p complex
\ _ b Cytosol "y
i o
X S
7 ):
|  Cargo
Fusogenic peptide B \
A
Nuclear
localization
sequence (NLS)

Targeting Ligands

TUINIIID  over terer (o) v

Inner Bilayer (i)

a2 Encapsulant

Figure 1.19: In vivo applications of SLBs; a) the protocell concept based on a mesoporous support

coated with an SLB decorated with targeting ligands, PEG and fusogenic peptides for improved drug
targeting and intracellular delivery. Reprinted with permission.278 Copyright 2011, Nature Publishing
Group. b) Similarly, the Liposil drug delivery system is based on a drug-loaded vesicle coated with a
nanoporous silica shell that served as a substrate for a second lipid bilayer decorated with targeting
ligands. Reprinted with permission.279 Copyright 2011, Royal Society of Chemistry.

1.12.1 Nanoparticle supported lipid bilayers

To overcome problems related to poor drug solubility, stability, clearance and selectivity,
Ashley and co-workers designed a multicomponent particle-SLB system, which they called
protocells.m'279
SLB (Figure 1.19a). The high surface area of these mesoporous nanoparticles, (> 1,000

The protocells consist of a mesoporous nanoparticle core coated with a

mz/g) provide a high drug loading capacity. In addition, the SLB coating prohibits non-
specific interaction and upon introduction of specific ligands, allow for targeting to cells.
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Protocells decorated with SP94 targeting peptides were evaluated for binding with HCC*
and Hep3B" cells. The Ky-values for Hep3B binding for liquid-state DOPC protocells ranged
from 0.94-0.08 nM at peptide densities of 6-2048 per particle. The Ki-values for gel-state
DPPC-based protocells were strongly dependent on the peptide density and were in
general 10 times higher as compared to the mobile DOPC-based system. Additional
modification of protocells with fusogenic peptide H5WYG facilitated the endosomal
escape and cytosolic dispersion of encapsulated cargo. In addition, delivery to the nucleus
was promoted by including a nuclear localization sequence on the cargo.”’® Similarly,
mesoporous silica nanoparticles coated with an SLB were used to tackle multidrug
resistance (MDR) in breast cancer cells.”®® The SLB was functionalized with Pluronic P123
to inhibit drug efflux in MDR breast cancer cells. Intracellular levels of the irinotecan™
delivered via the particle-supported lipid bilayer increased 13-fold compared to free drug
delivery resulting in a 7-fold increase in cytotoxicity and stronger cell cycle arrest.”® Lipid-
coated particles have also been studied to improve oral drug delivery. For example, poly-
D, L-lactide-co-glycolide (PLGA) lipospheres were prepared by a double-emulsion method
to serve as a carrier for oral protein drug delivery.’®" Higher loading capacity, increased
entrapment efficiency and lower burst release were observed for the lipospheres
compared to the ‘bare’ PLGA particles. In time, transcytotic efficiency was determined

aaa

with a model system for the M-cell®". The results of this study showed an 1.5-fold

increase compared to PLGA particles, which suggest an improved intestional

. 281
absorption.

In addition, Parikh and co-workers proposed a drug encapsulated lipid
vesicle that is coated with a sol-gel derived nanoporous silica shell to stabilize the inner
vesicle. The sol-gel is subsequently modified with an outer SLB that bears targeting ligands

(Figure 1.19b). To date, only the fabrication of such a system has been shown.””

1.12.2 Lipid mimetic coating

The use of lipid bilayers to overcome blood compatibility issues has been explored. In one
example, a lipid bilayer coating was laterally stabilized using albumin, heparin and PEG on
a poly methyl methacrylate (PMMA) support using carbodiimide chemistry. The results
showed improved blood compatibility as indicated by reduced calcification, protein
adsorption and blood-cell adhesion. The SLB was found stable under low shear stress

conditions (Figure 1.20a).°*

The zwitterionic phosphocholine head-group, mostly
responsible for the non-fouling character of SLBs has also been mimicked in artificial
polymers (Figure 1.20b). 2-Methacryloyloxyethyl phosphorylcholine (MPC) polymers have

been used to prevent biofouling problems in biosensors, biomaterials and

“HCC: human hepatocellular carcinoma epithelial cells
¥ Hep3B: human hepatocellular carcinoma immune cells
“ Irinotecan: chemotherapy agent

*2 M-cell: phagocytic enterocyte microfold cell
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Figure 1.20: Lipid mimetic coatings; a) cross-linked SLBs using albumin and heparin or albumin,
heparin and PEG on PMMA supports. Improved blood compatibility was found for both
aforementioned coatings as reflected in blood cell adhesion. Reprinted with permission.282 Copyright
2006, John Wiley & Sons. b) The use of PC-based MPC polymer as a coating for the tibial insert in
TKA. Wear resistance and as a result particle formation was reduced after application of a MPC
layer. Reprinted with permission.283 Copyright 2010, Elsevier. ¢) Concept of biomaterial supported
lipid bilayer, shown to be air stable and able to provide mechanical and biological decoupling from
the bulk substrate.

microfluidic systems. For example, MPC-based polymers have been evaluated for total
knee arthroplastybbb (TKA). In this study, the MPC polymer was grafted as the top layer
onto the cross-linked polyethylene component of the knee implant. The results indicated

b0 TKA: surgical procedure to replace the knee joint with an implant substitute
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less wear of the articulating surfaces potentially reducing periprosthetic osteolysis and
aseptic loosening®™ of the implant.”®® A detailed overview of the various applications of
MPC and the fabrication of MPC-coatings has recently been described by Iwasaki and
Ishihara.”®*

1.12.3 Biomaterial supported SLBs

Despite the interesting properties posed by SLBs, their use in in vivo applications is limited
and challenged by the limited stability of SLBs in air. To this end, we developed a
modification strategy that is applicable to biopolymers for the fabrication of a cholesterol-
modified biopolymer surface. As was shown previously, homogeneously distributed
cholesterol is able to stabilize the SLB and provide air-stability.155 As described in Chapter
6, a cholesterol molecule was synthesized that bears an triethyleneoxide linker with a
primary amine. Careful control of an oxygen plasma treatment step of the biopolymer PCL
facilitated the formation of aldehyde functionalities to which the cholesterol linker can be
coupled via an imine bond. These imine bonds can be converted into stable secondary
amines following a short and mild reduction step. After vesicle fusion on these
cholesterol-modified biomaterials, the formed Biomaterial SLB (BSLB) was proven to be
non-fouling, air-stable and able to provide mechanical and biological decoupling of cell
responses from the substrate (Figure 1.20c). Upon varying the lateral mobility of a cell
adhesive amphiphile, surface-mitigated differentiation was observed for mesenchymal
stem cells. This effect could be attributed to differences in traction forces.

1.13 Scope and outline of the thesis

The potential of SLBs for studying receptor-ligand binding, cell adhesion and their use as a
model system for cell membranes is well recognized in the area of biophysical research.”®
Currently, applications of SLBs come to the fore ranging from capillary SLB coatings, bio-
sensing on SLBs to increase understanding of cell membrane properties and organization,
while SLBs have recently also shown their use as a system for influencing and studying cell
behaviour in vitro. In addition, first reports appear on in vivo applications such as drug
delivery systems and biomaterial coatings. The wealth of know-how present in the
scientific literature and the commercial availability of lipids, amphiphiles and membrane
components makes SLBs more and more accessible to research laboratories. However, to
date there exists an enormous unexplored potential to tailor SLBs for membrane
separation and their use as surface gradients for e.g. binding studies, their in vivo
application and the combination with more complex supramolecular synthetic assemblies.

ccc
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In Chapter 1 surface attached lipid bilayers are reviewed as an attractive tool to mimic
cell-cell, cell-ECM and promote cell-material interaction. Many types of surface-attached
lipid bilayers are discussed such as tethered and cushioned SLB architectures as well as
their characterization and applications. In Chapter 2 a method is explored to overcome
problems related to the high electrical fields required in bulk membrane electrophoresis.
The method enables the use of only 100s of millivolt using a chip-based system. This
method of membrane electrophoresis is evaluated in Chapter 3 for the fabrication of well-
defined surface gradients that are stable in time. The chemical modification of these
locked-in gradients will be discussed as well in this Chapter. In Chapter 4, the use of stable
SLB surface gradients, as described in Chapter 3, are used to provide insights into the
binding behaviour of E. coli bacteria under physiologically relevant shear stress. In Chapter
5 the effect of the lateral mobility of bioactive ligands in SLBs on human primary
chondrocytes and mouse progenitor cells on cell behaviour in terms of cell adhesion,
spreading and cytoskeletal organization will be studied. The insights in variations in lateral
mobility of ligands in relation to cell adhesive behaviour as observed in Chapter 5 is used
in Chapter 6 to explore a novel coating technology for biomaterials. The introduction of
SLBs on a range of biomaterials will be studied and the Chapter concludes with discussing
the results of stem cell differentiation on air-stable SLB coated biomaterials.
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Chapter 2

On-Chip Electrophoresis in Supported Lipid Bilayer
Membranes Achieved Using Low Potentials’

A micro supported lipid bilayer (SLB) electrophoresis method was developed, which
functions at low potentials and appreciable operating times. To this end, (hydroxymethyl)-
ferrocene (F.CH,OH) was employed to provide an electrochemical reaction at the anode
and cathode at low applied potentials to avoid electrolysis of water. The addition of
F.CH,OH did not alter the SLB characteristics or affect biomolecule function, and pH and
temperature variations and bubble formation were eliminated. Applying potentials of 0.25
- 1.2 V during flow gave homogeneous electrical fields and a fast, reversible, and strong
build-up of a charged dye-modified lipid in the direction of the oppositely charged
electrode. Moreover, the mobility of streptavidin on the SLB could be modulated. This
method paves the way for further developing analytical SLB-based devices.

“Part of this chapter has been published in: J. van Weerdi, S.0. Krabbenborgt, J. Eijkel, M. Karperien,
J. Huskens and P. Jonkheijm; J. Am. Chem. Soc. (2014) vol. 136, p. 100 — 103 fequal authorship)
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2.1 Introduction

Supported lipid bilayers (SLBs) are a rewarding mimetic system for cell membranes."?
Employing such SLBs promotes investigations of membrane associated processes in cells
by e.g. membrane proteins because they can be reconstituted in SLBs in analogy to their
native membranous environment."® When external electric fields are applied in SLBs,
membrane proteins can be manipulated along the SLB.”® Using DC fields, charged
membrane components could be separated either by electrophoretic or electro-osmotic
motion of the charged analytes, which could be confined into small regions or near

barriers.”

Whilst these experiments confirm the versatility of SLBs to serve as
biomimetic systems, performing membrane electrophoresis with fields of commonly 10-
20 V/cm requires sending DC currents for a prolonged time which typically causes
electrolysis of water. This leads to changes in pH and causes bubble formation, while
concomitant changes in temperature can irreversibly affect SLB integrity and protein

14
structure.

To eliminate those effects in electrophoresis set-ups, low ionic strength solutions,
reduction of the aqueous volume above the SLB and high flow speeds over the SLB have
been employed.15 In addition, membrane traps have been reported that utilize AC electric
fields and asymmetric surface patterns to confine charged species over large distances
and to retard diffusive recovery while reducing the applied potential.’® In a recent
example Evans and co-workers report the use of AC electric fields and embedded
electrodes to further minimize the applied potential from 200 V to 13 V by reducing the

. . 17
inter-electrode spacing.

In this chapter an electrochemical method is described that allows for the use of
unprecedented low applied potentials of a few 100’s of mV to induce electrophoretic
migration of charged membrane components. Here, appreciable electric fields of up to 16
V/cm were achieved while obtaining equal DC build-up times as reported before (ca. 20

217 This was made possible through the addition of an electro-active but electro-

minutes).
neutral species that enabled Faradaic currents to flow without water electrolysis at the

electrodes. As a result, bubble formation, temperature and pH fluctuations were avoided.
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2.2 Results and discussion

Our uSLB electrophoresis chip is depicted in Figure 2.1. A photograph of the experimental
set-up and chip design are given in Figure 2.1a. The chip has interdigitated electrodes
(spaced 500 um) and Cr-corrals (spaced 100 um) to enable parallel analysis. The Cr-corrals
act as diffusion barriers thereby enabling build-up of charged membranes components
while applying an electric field (Figure 2.1b).

b)

FCCH,OH Electric fielgd

Fc*CH,OH y

Fc*CH,OH

FcCH,OH

Pt El J3 - 4x500u

o

Figure 2.1: uSLB electrophoresis; a) photograph of the experimental set-up and chip design. b)

Graphical representation of a single electrode junction.

The uSLB electrophoresis chips were fabricated using a bilayer lift-off recipe in conjunction
with e-beam evaporation. The Au interdigitated electrodes were prepared on borofloat
glass wafers. Afterwards Cr-corrals were fabricated in between the Au-electrodes.
Subsequently, a PDMS flow channel was bonded to the chip surface to facilitate SLB
formation and allow for fluid exchange. In this Chapter, a model SLB was chosen that
consisted of zwitterionic DOPC and negatively charged and fluorescent TR-DHPE (Figure
2.2a). Dynamic light scattering (DLS) of the lipid vesicles is presented in Figure 2.2b.
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Figure 2.2: DOPC characteristics; a) chemical structures of, i, DOPC and, ii, TR-DHPE. b) DLS
measurement of DOPC large unilaminar vesicles (LUVs) doped with 0.2 mol% TR-DHPE at r.t. c) FRAP
recovery curves. Comparison between MilliQ water and aqueous 0.5 mM F.CH,O0H.

In this study, (hydroxymethyl)-ferrocene (F.CH,OH) was selected as a water soluble
electro-active but electro-neutral species, showing limited effect on the conductivity of
the solution and no effect on the SLB characteristics (Figure 2.2c). The diffusion constant
of the lipids in the SLBs was determined using fluorescence recovery after photobleaching
(FRAP) and found to be 2.1 + 0.6 um’/s and 2.4 + 0.5 pm®/s with or without F.CH,OH,
respectively, while the mobile fraction approached 100% in both cases.
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Electrophoretic migration was monitored using epi-fluorescence microscopy.
Representative 3D and corresponding 2D fluorescence micrographs are shown in Figure
2.3a, the latter images are recorded prior to and after applying a 1 V potential difference
in the presence of 0.5 mM F.CH,OH.
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Figure 2.3: Electrophoretic build-up of TR-DHPE; a) 3D fluorescence microscopy image showing the
electrophoretic build-up of a TR-DHPE containing SLB after applying 1 V for 20 minutes, in the

presence of 0.5 mM F.CH,0OH. Corresponding 2D fluorescence microscopy images are shown at time
point 0 and 20 minutes. b) Electrophoretic build-up of TR-DHPE over time using a 1 V potential
difference. c¢) Graph showing the relative TR-DHPE fluorescence intensity for different potentials.
Inset shows reversal of the direction of electrophoretic migration by reversing the polarity of the
electrodes. Data is presented as mean + SD.
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Upon applying a potential, negatively charged TR-DHPE accumulates at the Cr-barriers in
the direction of the positive electrode to reach a steady-state within 20 minutes. Here, t;,
is ca. 5 minutes (Figure 2.3b). When no F.CH,OH was added, no electrophoretic migration
was observed at these low applied potentials. Interestingly, upon close inspection of the
fluorescence images, uniform exponential intensity profiles were observed irrespective of
the corral-electrode distance. This observation suggests the presence of a homogeneous
electric field in the solution. The extent of electrophoretic build-up was tuned by varying
the applied potential from 0.25 to 1.2 V (Figure 2.3c), all well below the potential of
electrolysis of water. Furthermore, the direction of electrophoretic migration was easily
switched by reversing the polarity of the electrodes (inset Figure 2.3c) while the flow
direction was kept constant in this experiment. The obtained concentration profiles were
mirror images of each other. When a chip consisting of only two electrodes was used,
electrophoretic mobility was observed only opposite to the direction of the flow. A single
junction arrangement requires the first encountered electrode to be the anode since
there is no oxidized F.CH,0OH present, thus fixing electrode polarity and migration
direction. In contrast, an interdigitated array provides both oxidized and reduced forms of
F.CH,0OH to flow over the SLB irrespective of electrode polarity, thus enabling AC
applications.

To demonstrate that our technique is compatible with biomolecules and their function,
streptavidin (SAv) binding to a biotinylated SLB was studied in situ, a commonly used
model system. To this end, the SLB was doped with 1 mol% of biotinyl-PE to allow for
binding of fluorescently labelled SAv. As an internal control 0.2 mol% of TR-DHPE was
included as well. The formation of the biotinylated SLB and fluidity on the chip were
confirmed with FRAP (Figure 2.4a). Subsequently, Alexa488-labelled SAv was flown
through the device and allowed to interact with the biotin groups present on the SLB. Due
to the increased hydrodynamic volume of SAv compared to TR-DHPE we observed
migration of the SAv due to shear stress from bulk flow of 0.5 mM F.CH,0H, an effect not
observed for TR-DHPE (Figure 2.4b). This phenomenon has recently been utilized for
separation of SLB-bound SAv under flow conditions.”® As a consequence, lower flow
speeds were adopted to minimize this effect while applying a potential, i.e. 10 pl/min
instead of 100 uL/min. The fluorescence micrographs before and after applying 1 V for 30
minutes with corresponding profile plots are presented in Figures 2.4c-d, respectively.

As can be observed from Figure 2.4c, continuous flowing of 0.5 mM F.CH,OH and redox
cycling does not affect binding of SAv to the SLB as illustrated by the continuous presence
of the protein.
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Figure 2.4: Streptavidin binding and redox cycling 0.5 mM F.CH,0H; a) FRAP recovery curve of a
biotinylated SLB. b) Fluorescence micrographs of SAv migration due to sheer stress from bulk flow
within a SLB doped with 0.2 mol% TR-DHPE (Red) and 1.0 mol% biotinyl-PE after incubation with
Alexa 488-labelled SAv (Green). c) Fluorescence micrographs of TR-DHPE and SAv-Alexa488 before
and after applying 1.0 V for 30 minutes under continuous flow of 0.5 mM F.CH,OH. d) Graph
showing the relative SAv-Alexa488 fluorescence intensity, before and after 1.0 V for 30 minutes and
upon reversing the polarity of the electrodes. Inset shows the relative TR-DHPE fluorescence

intensity as an internal control during the experiments. Data is presented as mean % SD.

The observation that ferrocene is not hampering the function of proteins is in agreement
with literature where e.g. ferrocene moieties have been conjugated to proteins that
remained functional irrespective of redox cycling.”””® In addition, electrophoretic
migration and switching of TR-DHPE was observed during the experiment (Figure 2.4d
inset). Based on literature findings and the dye substitution (1.6 dyes/molecule) of the SAv
molecule, limited mobility towards the cathode can be expected.n'21 Figure 2.4d
illustrates that SAv build-up could be tuned by applying a potential of 1 V and altering the
polarity of the electrodes even though the effect of flow was present.
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To evaluate the electrical parameters during the build-up of the uniform fluorescence
profiles, Ohmic behaviour was assumed in between the electrodes as well as constant
solution composition and conductivity. Applying Ohm’s law, the electric field between two
electrodes can be calculated as

/

= T+ e (1)
3*c*w*h

where E is the electric field in V/cm, I the current in A, o the electrical conductivity in S/cm
(4 uS/cm), w the active electrode width (500 um), h the height in m of the solution above
the SLB (50 um) and the factor 3 arises from the three junctions in parallel exposed to the
solution when the flow channel is bonded to the chip, as shown in Figure 2.1a.”* Equation
1 evidently specifies two parameters that require attention i.e. the current and the
conductivity of the solution. Increasing the concentration of F.CH,OH up to the solubility
limit of 0.5 mM, gave a huge increase in current at low applied potentials below the
electrolysis potential of water, while the conductivity of the solution only increased
slightly up to 4 uS/cm (see Figure 2.5a for a cyclic voltammogram, CV, of F.CH,0H). The
addition of flow over the chip increased currents by a factor of ca. 3, while the current and
thus the electric field were stabilized. As shown in Figure 2.5b, the current could be tuned
by varying the applied potential and flow speed. There was no influence noted of the flow
on SLB characteristics up to a flow speed of 0.3 mL/min, based on TR-DHPE observations.

Alternatively, the electric field can be deduced from the fluorescence profile at steady-
state using a method given by Boxer and co-workers who described the steady-state
concentration gradients to result from a competition between random diffusion and
electric field-induced drift.” By least squares fitting of the experimental steady-state
concentration gradients to Equation 2, the electric field was obtained. In

B uzEex

I(x)=Ae ° 2)

I(x) is the normalized fluorescence intensity at position x (a.u.), A is the maximum
normalized fluorescence intensity (a.u.), D the diffusion constant (cm’/s), u the
electrophoretic mobility (cm®/(V*s)) and z the charge of the probe.

A representative fit to determine the electric field is shown in Figure 2.5c. The two
aforementioned methods for deducing the electric field, by using Equation 1 or by fitting
Equation 2, are compared in Figure 2.5d. The two methods favourably agree (r2 =0.97).
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Figure 2.5: Electrical parameters; a) CV of 1.0 mM F.CH,OH in 0.1 M K,SO, vs. Ag/AgCl. b) The
modulation of the current at different applied potentials and varying flow speeds in the presence of
0.5 mM F.CH,0H. c) Example of deducing the electric field by a theoretical fit of the exponential
fluorescence intensity profile (1 V, 20 minutes), see text for details. d) Comparing the applied
electric field at 100 pL/min deduced from the current data in (b) (Solid line), exponential fit from (c)
(Squares) and the geometrical approximation only (Dashed line).

The dashed line in Figure 2.5d represents an electric field estimated by electrode distance
only, often the method of choice in literature.”**** As shown in Figure 2.5d when utilizing
the latter method, for example in our case at 1 V, the electric fields can be overestimated
by more than 50%. This can be explained by the potential drops at both electrodes due to
the reaction and concentration over-potential. As a result of the reduced distance
between both electrodes, the contributions of these over-potentials of a few 100s of
millivolts at each electrode will be relatively large. Joule heating is negligible in our system
as the total power dissipation of 2.6%10° W/cm’ corresponds to an increase in
temperature of only 0.13 mK/s without taking flow conditions into consideration.
Moreover, the chip could be used for at least 7 cycles and stored for later use.
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2.3 Conclusions

A novel method to enable electrophoresis in micro supported lipid bilayers (SLB) has been
demonstrated that occurs without the electrolysis of water through the addition of an
sacrificial electro-active species. This is an important achievement because this allows for
the use of unprecedented low potentials in USLB electrophoresis. Additionally, simple
approximations accurately describe the processes at play during electrophoresis in the
SLB. Since the direction of electrophoretic motion can be modulated, this technique is not
only suitable for DC applications but also for AC surface ratchet applications.ls‘17 Our
method is not limited to the use of F.CH,OH. Any water soluble electro-active species with
similar voltammetric characteristics can potentially be used when inert to the SLB and
analyte. Most noteworthy, the achieved results show no water electrolysis, negligible
joule heating, no bubble formation, require only low flow speeds, and compatibility with
biomolecules. These characteristics permit further downscaling of analytical devices.
Therefore, we believe our method will be beneficial to further the field of SLB
electrophoresis for bio-sensing, diagnostics and membrane protein studies, which require
sorting and concentration of charged membrane components.

2.4 Experimental section

2.4.1 Materials

All starting materials and chemicals were purchased from Sigma-Aldrich, Fluka, Serva,
Becton Dickinson, Avanti Polar Lipids, Microchem, Invitrogen and FujiFilm, and they were
used as received, unless otherwise stated. MilliQ water with a resistivity higher than 18
MQ cm™ was used in all experiments.

2.4.2 Methods

Chip fabrication. A bilayer lift-off recipe was used for fabricating Au electrodes on
borofloat glass wafers. First, LOR 5A (MicroChem) was spin-coated, after which normal
lithography was performed on top with Olin QiR 907-17 photoresist (FujiFilm) to create a
bilayer resist stack. Electrode patterns were made by exposing the photoresist through a
patterned photomask and developing in Olin OPD 4262 (FujiFilm). The develop step
washed away the exposed photoresist, and etching through the LOR 5A layer created an
undercut. Then, 5 nm Ti and 95 nm Au were deposited via e-beam evaporation (BAK 600,
Balzers) The bilayer resist was then removed by sonication in acetone (20 minutes) and
isopropanol (10 minutes) followed by 5 minutes immersion in OPD 4262, serving as a
sacrificial layer to leave patterned Au electrodes on borofloat glass. To fabricate the Cr-
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corrals (10 nm thick) in between the Au electrodes, the same procedure was performed a
second time, but in this case following alignment with respect to the Au electrodes.

PDMS flow channel. A silicon flow channel master was produced by standard
photolithography steps and deep reactive ion etching. The polydimethylsiloxane (PDMS)
flow channels were prepared from a degassed mixture of 10:1 Sylgard 184 elastomer and
curing agent (Dow Corning Corp), which was casted onto the silicon master and cured at
80°C for 1 hour. The flow channels were cut to size and inlets and outlets were punched
using a 1 mm @ punch (Harris Unicore, Sigma-Aldrich).

Vesicle preparation. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids)
was stored as a 25 mg/mL stock solution in chloroform at -20°C. 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine-N-biotinyl (biotinyl-PE, Avanti Polar Lipids) was stored as a 10
mg/mL stock in chloroform at -20°C. The charged lipid-dye conjugate, Texas Red-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE, Invitrogen) was stored as
as 1 mg/mL stock solution in methanol at -20°C. Aliquots of the DOPC (99.8 mol%) and TR-
DHPE (0.2 mol%) or DOPC (98.8 mol%), TR-DHPE (0.2 mol%) and Biotinyl-PE (1 mol ) stock
solutions were mixed and dried under a flow of nitrogen in a glass vial, and subsequently
placed under vacuum for at least 1 hour. The resulting lipid film was re-suspended by
vortexing in MilliQ water to form multilamellar vesicles (MLVs) at 1 mg/mL. The MLV
solution was extruded 11 times through a 100 nm polycarbonate membrane (Avanti Polar
Lipids) at r.t. The resulting LUVs were characterized by DLS (Nanotrac, Microtrac) and
stored until use at 4°C for a maximum of two weeks.

SLB formation. SLB formation was achieved by dilution of the LUV solution to 0.5 mg/mL
in phosphate-buffered saline (0.01 M PBS, Gibco, lacking MgCl, and CacCl,). Prior to LUV
incubation, the chips were flushed briefly with 0.01 M PBS. Afterwards the chips were
incubated with the vesicle suspension for a least 30 minutes to allow for vesicle
adsorption and rupture to occur. Subsequently, the chips were washed with MilliQ water
or aqueous 0.5 mM F.CH,0OH.

Streptavidin. Alexa488-labelled streptavidin (Invitrogen) was dissolved in 0.01 M PBS and
stored at -20°C in 1 mg/mL aliquots until further use. Based on A280 and A494 absorption
measurements (NanoDrop 1000, Thermo Scientific) 1.6 dye molecules per streptavidin
was deduced. Biotinylated SLBs were incubated with 100 pg/mL for 15 minutes after that
unbound streptavidin was washed away with MilliQ.
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Fluorescence Recovery After Photobleaching (FRAP). FRAP measurements were
conducted using a Nikon A1 CSLM with a 20x objective. To derive the diffusion coefficient,
modified Bessel functions as described by Soumpasis et al. 1983 were used. Data was
corrected for acquisition bleaching and normalized.

USLB electrophoresis. Prior to SLB formation, wires were soldered onto the gold contact
pads. Electric fields were generated and currents were measured with a CH Instruments
760D potentiostat with the counter and reference connections shorted. During uSLB
electrophoresis, a freshly prepared solution of 0.5 mM of F.CH,OH in MilliQ water was
flushed through the chip at 100 pL/min unless otherwise stated.

Fluorescence microscopy. An Olympus inverted IX71 epi-fluorescence research
microscope with a Xenon X-cite 120PC as light source and a digital Olympus DR70 camera
for image acquisition was used to acquire fluorescence micrographs during uSLB
electrophoresis at 10x magnification. Alexa488-labelled SAv was imaged using 460 < A, <
490 nm and A, > 525 nm, TR-DHPE was imaged using 510 < A, £ 550 nm and A, > 590
nm. 1SO200 camera setting was used to record high quality, low noise images and care
was taken to ensure image acquisition was performed in the linear response regime. Per
corral the mean pixel intensity was used to correct the profile plot after which a
background correction was performed. To retrieve the relative background, the steady-
state fluorescence profiles at 1.2, 1.0 and 0.75 V were fitted to an exponential growth
function, via the equation

I(x)=1(0)(1+r)* (3)

where /(x) is the normalized fluorescence intensity at position x, /(0) the background
fluorescence intensity, r the growth rate and x the distance (um). Data fitting was con-
ducted on the average profile plots deduced per column of corrals perpendicular to the
electrodes. Subsequently, the background fraction (BF) of the mean pixel intensity was
calculated. The background fractions of aforementioned conditions were used to calculate
an average BF of 62 + 4%, that was used to calculate and correct the background in all of
the obtained profile plots, per corral. To obtain the final, averaged, steady-state
fluorescence profiles at one potential, at least 14 normalized and background corrected
corrals were averaged.

Data analysis. Image analysis was performed using ImageJ (NIH), Origin (OriginLab) and
Excel (Microsoft). FRAP data was analysed with FRAPAnalyser (University of Luxembourg).
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Chapter 3

Locked-in biomimetic surface gradients that are
tuneable in size, density and functionalization”

Tuneable and stable surface-chemical gradients in supported lipid bilayers (SLBs) hold
great promise for the investigation and manipulation of membrane proteins, for sensing
and study of the cell-cell and cell-extracellular matrix (ECM) interface. Yet, until now no
method has been reported that provides temporal control of SLB gradients. Herein, we
report on the development of locked-in SLB gradients that can be tuned in space, time and
density by applying a process to control lipid phase behaviour, electric field and
temperature. Stable gradients of charged Texas Red, serine or biotin terminated lipids are
prepared. For example, the Texas Red surface density was varied from 0 to 2 mol%, while
the length is varied between several tens to several hundreds of microns. At room
temperature the gradients are shown to be stable up to 24 h, while at 60 °C the gradients
could be erased in 30 minutes. Covalent and non-covalent chemical modification of the
gradients is demonstrated e.g. by FITC, hexahistidine-tagged proteins and
streptavidin/biotin. The amenability to various (bio)chemistries paves the way for novel
SLB-based gradients, useful in sensing, high-throughput screening and for understanding
dynamic biological processes.

“Part of this chapter has been published in: S.0. Krabbenborgi, J.van Weerdt, M. Karperien, P.
Jonkheijm and J. Huskens; ChemPhysChem (2014) vol. 15, p. 3460 — 3465 fequa/ authorship)
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3.1 Introduction

In biology the influence of gradients on cell behaviour, both surface-bound (haptotaxis),*”
and in solution (chemotaxis),*® has gained great attention. Man-made surface chemical
gradients have been used to study parameters influencing cell adhesion, migration,

. . 7-11 . . . 12
morphology and downstream signalling processes,” ~ but also in materials science,” such
as biomaterials'! or sensing materials.”

Gradients in wettability, of extracellular matrix (ECM) proteins, peptide motifs or signalling
molecules can be prepared by adsorption or covalent modification on a range of surfaces,
such as self-assembled monolayers (SAMs), polymer layers/grafts, and hydrogels.7’m'”'l4'16
An unexplored, yet very interesting platform for gradient formation is a supported lipid
bilayer (SLB), as they have several advantages over the present systems. SLBs are well
described with respect to their formation, non-fouling behaviour, and functionalization.”’
This rewarding biomimetic cell membrane systemlg‘19 promotes investigation of cell
membrane properties and membrane associated processes. Membrane proteins can
readily be reconstituted in SLBs in analogy to their native membranous environment.'**
Furthermore, SLBs have been used extensively to explore cell-cell and cell-ECM
interactions.””**”® Various studies showed a strong density dependence of SLB ligands on

cells in steady-state systems.29'3°

However, such non-gradient systems do not allow for
spatial and temporal control of the membrane composition, which is essential for

understanding dynamic biological processes.

As was shown in Chapter 2, formation of gradients in SLBs can be achieved upon

application of an electric field.***

The fluidic nature of the SLBs is thereby exploited to
induce electrophoretic or electro-osmotic migration of charged membrane components.
In one study such gradients are used as a sensing element by studying the time needed for
gradient build-up.** In addition, SLB electrophoresis has been adopted to separate and
study membrane components via mass spectroscopy.36 A characteristic feature of the
aforementioned systems is the use of liquid-state SLBs that readily relax back to their
equilibrium position as soon as the electric field is turned off. This effect can be retarded
by topographically restricting lateral diffusion by introduction of surface ratchets.’” Still,
the lipids in these systems display lateral mobility that restrict the temporal stability of the
surface gradients. This lack of temporal control limits the use of SLB platforms for studying
biological processes.

In this Chapter, we demonstrate functional SLB gradients that are stable over time by the
use of gel-state lipids. Gradient stability is imparted by the use of zwitterionic gel-state
SLBs that display negligible mobility at room temperature (< 10° umz/s)38 because of
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saturated acyl tails which pack more tightly, resulting in an increased melting temperature
(Tm). Functionalities are introduced via charged lipids that allow for subsequent
modification. To this end, we investigated a variety of chemical strategies, exploring both
covalent and non-covalent approaches to generate locked-in and functional SLB gradients.

3.2 Results and discussion

The working principle of generating locked-in SLB gradients is shown in Figure 3.1. The SLB
gradients are formed electrochemically, as described in Chapter 2.*

Steady-state SLB

]
Electrophoresis and heating, T> T,
‘ Functionalization
|

B Cooling, T< T, »
AV

Locked-in gradient

Figure 3.1: Working principle of locked-in SLB gradients; the uSLB electrophoresis device (scale bar 5
mm) is modified with a zwitterionic DPPC-SLB (Z = 0) doped with a charged functional lipid (Z # 0)
using vesicle fusion. Subsequently, the device is heated above the T, and 1 V is applied for 30
minutes in the presence of 0.5 mM F.CH,OH, thereby generating an E-field. Due to electrophoretic
migration, the charged functional lipids accumulate and are locked-in upon rapid cooling below the

Tm. The locked-in gradient can be modified using a variety of chemistries to create functional
gradients.
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A zwitterionic SLB consisting of DPPC, doped with negatively charged and fluorescent TR-
DHPE is formed on the device by fusion of the large unilaminar vesicles (LUVs). The
chemical structure of DPPC and the dynamic light scattering (DLS) measurement of DPPC
LUVs are shown in Figure 3.2a and 3.2b, respectively. Since DPPC has a T,, of 41 °C, no
mobility of TR-DHPE was observed at room temperature using fluorescence recovery after
photobleaching (FRAP) (Figure 3.2c). The lack of lateral mobility at room temperature is
further evidenced over a time period of 15 hours, as shown in Figure 3.2d-e.
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Figure 3.2: DPPC characteristics; a) chemical structure of DPPC, b) DLS measurement of DPPC LUVs
doped with 0.2 mol% TR-DHPE at room temperature, ¢) FRAP of a liquid-state (DOPC, T, -20°C, Red)
and a gel-state (DPPC, T,, 41°C, Black) SLB doped with 0.2 mol% TR-DHPE conducted at room
temperature. d) Representative fluorescent micrographs before, i, and 15 hours, ji, after bleaching
and e) corresponding profile plots, of a DPPC- and DOPC-based SLB doped with 0.2 mol% TR-DHPE.
Negligible mobility of TR-DHPE was observed after bleaching with an epi-fluorescent microscope, as
indicated by the overlap of the profile plot directly after bleaching (Bleach) and 15 hours after
bleaching (Recovery), scale bar 200 um.
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By electrochemically generating an electric field, a force was applied on the charged
components within the SLB, in this case TR-DHPE. At room temperature, the gel-state
DPPC-based SLB, which shows homogeneous fluorescence as was observed via epi-
fluorescence microscopy (Figure 3.3a-i and 3.3c), prohibits electrophoretic mobility of TR-
DHPE. However, when the device was heated above the T, (here 60°C) during
electrophoresis, lateral diffusion and electrophoretic mobility became apparent (Figure
3.3a-ii). At that temperature, the now liquid-state SLB allowed TR-DHPE to form an
exponential concentration profile against the Cr-barriers induced by electrophoretic
migration, similar to what has been observed previously, with the direction being
dependent on electrode polarity (Figure 3.3b inset). Rapid cooling of the DPPC-based SLB
below the T, still during electrophoresis, resulted in a liquid-to-gel phase transition,
locking the gradient in time (Figure 3.3a-ii and 3.3c).
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Figure 3.3: Locked-in SLB gradients; a) epi-fluorescence micrographs of i steady-state DPPC-SLB
doped with fluorescent and negatively charged TR-DHPE, ii locked-in gradient directly after heating,

electrophoresis and rapid cooling to r.t. and iii after maintaining the sample at r.t. for 1 hour. iv. The
locked-in gradient can be erased after heating the device for 30 minutes at 60°C showing recovery
to the steady-state. Scale bar 100 um. b) Profile plots of micrographs i, ii, iii and iv in Figure 3.3a. The
inset shows a change in direction of electrophoretic mobility depending on electrode polarity. Data
is presented as mean + SD. c¢) Graph showing the current as a function of time while generating
functional gradients in SLBs. The different temperature steps can be discerned.
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All temperature variations were monitored via in situ current measurements (Figure 3.3c).
The locked-in gradients in Figure 3.3 corroborate with our previous findings obtained with
TR-DHPE doped DOPC-based SLBs described in Chapter 2. Temporal stability of the
locked-in gradients was shown for at least 1 hour at room temperature (Figure 3.3a-iii), no
deviation between the profile plots was observed (Figure 3.3c-ii & iii). In the liquid-state
however, it only takes a few minutes to relax the build-up and the steady-state can be
reached within 30 minutes due to recovery and mobility of the lipids. This relaxation was
also observed for locked-in TR-DHPE gradients that were heated to 60°C for 30 minutes in
the absence of an electric field (Figure 3.3a-iv and 3.3c). These results demonstrate the
reversibility of the system, i.e. the gradient can be erased by simply heating the system
above the T,,.

By changing the length of the corral, the absolute amount of enclosed TR-DHPE can be
varied. To this end, we fabricated an alternate chip with varying corral lengths. Figure 3.4a
shows a fluorescence micrograph of a sample that was stored at room temperature for 24
hours after gradient formation, showing corral lengths of 100, 210 and 430 um. In Figure
3.4b the corresponding fluorescence intensity profiles are presented, all exhibiting similar
exponential gradient profiles (Figure 3.4c). Figure 3.4d shows that the full widths at half
maximum (FWHM) are similar, while Figure 3.4e shows that the peak height changes
linearly with the corral length. These results are agreements with experiments when
charge-charge interactions between charged lipids are absent. The results illustrate that
the extent of build-up is dependent on and can be tuned with the corral length. The
fluorescence intensity is normalized such that 1 a.u. corresponds to a TR-DHPE doping
density of 0.2 mol%. As a result, changing the length of the corral, the maximal density of
TR-DHPE could be varied from ~0.6 mol% to 2 mol%. This provides great tuneability and
shows that the desired density gradient of a functional lipid can be optimized by corral
length and doping density. Build-up would eventually be affected by charge-charge
interactions between charged lipids, which is expected to occur when sufficiently high
mol% build-up is obtained,** which would flatten out the gradient.
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Figure 3.4: Effect of corral length; a) fluorescence micrograph obtained 24 hours after TR-DHPE

gradient formation using varying corral dimensions and thus varying enclosed amounts of TR-DHPE.

Scale bar 100 um. b) Combined fluorescence intensity profiles of three different corral lengths and c)

fluorescence intensity profiles per corral length, including theoretical exponential fits (Red). d) The

full width half maximum plotted vs. corral length and e) peak height vs. corral length.

The first example of a functional lipid gradient is presented in Figure 3.5. Here, the

zwitterionic DPPC-based SLB is doped with 1 mol% of negatively charged serine-modified

lipid (DOPS) bearing both an amine and a carboxylic acid group (Figure 3.5a). Adopting the

previous approach, a DOPS gradient within a DPPC-SLB was prepared (Figure 3.5b-c). To

visualize the gradient, the amine functionalities of the locked-in gradient were used to

react with FITC, which enables fluorescent read-out of the DOPS gradient as shown in

Figure 3.5c. Due to physisorption of the FITC to the PDMS flow channel, these gradients

89




Locked-in biomimetic surface gradients that are tuneable in size, density and functionalization

were imaged with confocal microscopy. An interesting thing to note is that when assuming
guantitative modification with FITC, the fluorescence gradient is essentially a measure for
carboxylic acid groups that are present at the gradient.
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Figure 3.5: Amine and carboxylic acid SLB gradient; a) chemical structure of the DOPS lipid and b)
schematic overview of the DPPC-SLB (Z = 0) doped with DOPS (Z = -1), bearing an amine and
carboxylic acid functionality. ¢) Amine-containing gradient reacted with FITC imaged using a confocal

microscope. Corresponding fluorescence intensity profiles of the resulting fluorescent gradients,
scale bar 100 um. d) NTA functionalization of the remaining carboxylic acid-containing lipid gradient
that are used to sequentially chelate and immobilize a fluorescent His-tagged protein. A
representative confocal microscopy image is shown with corresponding fluorescence intensity
profile of the resulting protein gradient, scale bar 100 pm.

As a next step, we attempted to further modify these available carboxylic groups (Figure
3.5d). To this end, first the carboxylic acid groups were activated with N-
hydroxysuccinimide (NHS) and ethyl(dimethylaminopropyl) carbodiimide (EDC). Then, the
NHS-activated gradient was allowed to react with an amine-terminated nitrilotriacetic acid
(NTA) group. Rinsing the chip with a NiCl, solution allowed Ni** metal ions to coordinate
with the immobilized NTA and to chelate a fluorescent His-tagged protein, TagRFP. The
representative confocal microscopy image of the resulting TagRFP protein gradient is
given in Figure 3.5d, alongside with the exponential fluorescence intensity profile. Though
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the two FITC and TagRFP fluorescence profiles can not be compared quantitatively,
presumably because of the multivalent binding of TagRFP to the gradient, the successful
functionalization of the serine-modified lipid via the two different methods demonstrates
the tuneability of locked-in gradients with respect to post-functionalization.

In a second example of fabricating a functional SLB gradient (Figure 3.6), DOPS was
exchanged for a charged biotinylated lipid (biotinyl-PE). The zwitterionic DPPC-SLB was
doped with 1 mol% of negatively charged biotinyl-PE lipid (Figure 3.6a). After gradient
formation using the aforementioned method, the biotin gradient was visualized by
incubation with fluorescently labelled streptavidin (Alexa488-labelled SAv, green). The
biotin-SAv gradient, as indicated by the Alexa488-labelled SAv fluorescence, is shown in
Figure 4b. Upon incubation of the streptavidin gradient with fluorescently labelled biotin
(Atto 565 conjugate, red) an additional biotin gradient was generated with an exponential
concentration profile (Figure 4c), similar to the streptavidin gradient.
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Figure 3.6: Biotin and streptavidin SLB gradient; a) chemical structure of biotinyl-PE and b)
schematic overview of the DPPC-SLB (Z = 0) doped with the functional biotinylated lipid (Z = -1). c)
Schematic representation of the immobilization of fluorescently labelled SAv (Green) on the biotin-

containing lipid gradient and a representative confocal microscopy image with corresponding
fluorescence intensity profile of the resulting SAv protein gradient, scale bar 50 um. d) Subsequent
association of fluorescently labelled biotin (Red) on the SAv gradient with representative confocal
microscopy image and fluorescence intensity profile of the resulting fluorescent biotin gradient,
scale bar 50 pum.
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3.3 Conclusions

In conclusion, a novel method has been demonstrated for the preparation of locked-in SLB
gradients that can be tuned in space, time and density in a process controlling lipid phase
behaviour, electric field and temperature. In this Chapter, gradients of TR-DHPE, DOPS and
biotinyl-PE lipids were shown. Covalent and non-covalent chemical modification was
performed to form gradients of FITC, His-tagged proteins and SAv/biotin. This
demonstrates that the proposed methodology is amenable to a wide range of relevant
biochemistries. This important achievement allows for the further development of SLB-
based applications in the areas of sensing, high-throughput screening and for
understanding dynamic biological processes.
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3.5. Experimental section

3.5.1 Materials

All starting materials and chemicals were purchased from Sigma-Aldrich, Fluka, Serva,
Becton Dickinson, Avanti Polar Lipids, Microchem, Invitrogen and FujiFilm and they were
used as received, unless otherwise stated. MilliQ water with a resistivity of 18.2 MQ cm™
was used in all experiments.

3.5.2. Methods

Chip fabrication, PDMS flow channel and PDMS bonding. For more information consult
experimental section of Chapter 2. Additional care was taken to use fresh F.CH,OH
solutions for gradient formation of the DOPS lipids. Thereby ensuring a near pH-neutral of
the F.CH,O0H solution.

Vesicle preparation. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti Polar
Lipids) was stored as a 25 mg/mL stock solution in chloroform at -20°C. 1,2-Dioleoyl-sn-
glycero-3-phosphoethanolamine-N-biotinyl (Biotinyl-PE, Avanti Polar Lipids) and 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS, Avanti Polar Lipids) were stored as a 10
mg/mL stock in chloroform at -20°C. The charged lipid-dye conjugate, Texas Red-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE, Invitrogen) was stored as a
1 mg/mL stock solution in methanol at -20°C. Desired molar ratios were mixed and dried
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under a flow of nitrogen in a glass vial, and subsequently placed under vacuum for at least
1 hour. The resulting lipid film was re-suspended by vortexing in MilliQ water to form
multilamellar vesicles (MLVs) at 1 mg/mL at 60°C. The MLV solution was extruded 11
times through a 100 nm polycarbonate membrane (Avanti Polar Lipids) at 60°C. The
resulting LUVs were characterized by dynamic light scattering (DLS, Nanotrac, Microtrac)
and stored until use at r.t. for a maximum of two weeks.

SLB formation. Prior to SLB formation, wires were soldered onto the gold contact pads
and the device was mounted onto a heat plate (IKA RCT classic) using scotch tape. SLB
formation was achieved by dilution of the LUV solution to 0.5 mg/mL in phosphate-
buffered saline (0.01 M PBS pH 7.4, Gibco, lacking MgCl, and CaCl,). Prior to LUV
incubation, the chips were flushed briefly with 0.01 M PBS and heated till 60°C. Once
heated, the chips were incubated with the vesicle suspension for a least 30 minutes to
allow for vesicle adsorption and rupture to occur. Subsequently, the chips were washed
with MilliQ water (300 pL/min) and allowed to cool down. Once at room temperature,
aqueous 0.5 mM F.CH,OH (Sigma-Aldrich) was flown through the device at the same flow
speed.

Gradient formation via electrophoresis. Electric fields were generated and currents were
measured with a CH Instruments 760D potentiostat with the counter and reference
connections shorted. During uSLB electrophoresis, a freshly prepared solution of 0.5 mM
of F.CH,OH in MilliQ water was flushed through the chip at 100 pL/min.* Prior to heating
the device a potential difference of 1 V was applied for at least 30 seconds at r.t.
Afterwards the chip was heated to 60°C and the potential difference of 1 V was applied
for 30 minutes. Subsequently, the chip was cooled down rapidly on a heat exchanger for 5
minutes to lock-in the gradient.

FITC gradient. To generate a gradient consisting of fluorescein, the serine-bearing DOPS
lipid was used as the functional lipid. After gradient formation the chip was flushed with
freshly prepared 0.1 M sodium bicarbonate buffer (Sigma-Aldrich) at a pH of 9.0, adjusted
with NaOH. Subsequently, 50 ug/mL of fluorescein isothiocyanate isomer | (FITC, Sigma-
Aldrich), dissolved in 0.1 M sodium bicarbonate buffer pH 9.0, was flown through the

3940 After the incubation period the chips were extensively

device at 100 pL/min for 1 hour.
washed with 0.1 M sodium bicarbonate buffer pH 9.0. The FITC gradients were imaged in

PBS buffer, pH 7.4.

NTA gradient. Preparation of NTA-NH, is described elsewhere and was kindly provided by
Dr. J. Cabanas.*"** The acid groups of DOPS gradient were activated with 50 mM of NHS
(Sigma-Aldrich) and 50 mM EDC (Sigma-Aldrich)”® in 01 M  2-(N-

44,45

morpholino)ethanesulfonic acid (MES buffer pH 5.0, Sigma-Aldrich) during a 1 hour
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incubation at r.t., 100 pL/min stop-flow. The device was flushed with 20:1 v/v 0.01 M PBS
(pH 7.4) and 0.2 M sodium bicarbonate solution (pH 9.0) at 100 pL/min (as indicated by
Atto-Tec GmbH), the resulting coupling buffer had a pH of 8.3. Subsequently 50 mg/mL of
NTA-NH, in coupling buffer was allowed to react for 1 hour, 100 puL/min stop-flow. The
device was flushed with PBS at 100 uL/min to remove reactants. A 40 mM NiCl, solution
was flown through the device for 30 minutes to coordinate Ni** ions with the NTA-groups,
100 pL/min stop-flow. After washing the device with PBS, 1 uM of hexahistidine-tagged
TagRFP, provided by S. Sankaran and Dr. D. Wasserberg,* in PBS was added at 10 pL/min
for 30 minutes. After a final wash with PBS at 10 pL/min, the device was imaged with
confocal microscopy.

Streptavidin—biotin gradient. Alexa fluor 488 labelled streptavidin (Invitrogen) was
dissolved in 0.01 M PBS, and stored at -20°C in aliquots until further use. Based on A280
and A494 absorption measurements (NanoDrop 1000, Thermo Scientific) 1.6 dye
molecules per streptavidin was deduced. Gradients of 1 mol% Biotinyl-PE were incubated
with 50 pg/mL of labelled streptavidin in PBS for 30 minutes after which the unbound
streptavidin was washed away with 0.01 M PBS buffer and the gradients were imaged,
flow speeds of 10 uL/min were used. Labelling of immobilized streptavidin was achieved
with biotin Atto 565 (Fluka). Here, 50 pg/mL in PBS was flown through the chip at 10
puL/min and left to interact for 30 minutes. Afterwards the chips were washed with PBS
buffer at 10 puL/min and imaged.

Fluorescence microscopy. An Olympus inverted IX71 epi-fluorescence research
microscope with a Xenon X-cite 120PC light source and a digital Olympus DR70 camera
was used to acquire fluorescence images at 10x magnification. TR-DHPE was imaged using
510 < Aex £ 550 nm and A, > 590 nm. 1ISO200 camera setting was used to record high
quality, low noise images and care was taken to ensure image acquisition was performed
in the linear response regime. Confocal image acquisition was performed with a Nikon Al
CSLM with a 20x objective. Image treatment was performed similarly to the method
described in Chapter 2.

Data analysis. Image analysis was performed using ImageJ (NIH), Origin (OriginLab) and
Excel (Microsoft).
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Chapter 4

Probing the threshold in bacteria-mannose recognition
using SLB gradients*

Cell-cell recognition events stimulated investigations at the molecular level. For example,
the binding of lectins found on pathogenic bacteria to cell-surface carbohydrates. The
adhesion of such pathogens to cell-surface carbohydrates is not only dictated by the
surface density of these groups but also the magnitude of shear stress from fluid flow. In
vivo, this enables pathogens to adhere to cells via their lectins in, for example, the blood
stream. This is the case for E. coli binding to mannose via its FimH receptor. To study FimH-
mannose interaction, we prepared locked-in supported lipid bilayer (SLB) gradients of
mannose for the study of FimH presenting ORN 178 bacteria. On the continuous mannose
surface gradients specific and density-dependent interaction of ORN 178 bacteria was
observed. Moreover, our proposed gradient system allowed for the study of shear stress on
the binding behaviour simultaneously. In this case, ORN 178 rolling behaviour as a function
of mannose density and shear stress revealed three bacterial population with respect to
total distance travelled. The results demonstrate that our chip-based method is useful as a
bio-analytical tool to provide insights into early stages of infection.

*Manuscript in preparation: J. van Weerd, S. Sankaran, O. Roling, S. Sukas, B.J. Ravoo, M. Karperien
and P. Jonkheijm
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4.1 Introduction

Important cellular processes such as growth, motility, morphology, and differentiation are
controlled, in part, by extracellular signals received at the cell’s surface. While some
external stimuli, such as e.g. hormones and growth factors, are received in soluble form
from extracellular fluids, other signals are part of a neighbouring cell surface and exert
their effects only through direct cell-cell contact.’ Specific cell-surface receptors can
interact with a molecular signal on an opposing cell via specific binding to a ligand, and
biochemical mechanisms exist to translate that binding into a cellular response.z’3 Defects
in cell-cell recognition underlie a number of diseases related to uncontrolled cell growth
and motility such as in the case of tumour metastasis and embryonic development
disorders.*® Increased understanding of the molecular basis of the cell-cell recognition has
made significant implications for improved intervention in many areas of biology and
medicine. For example, improved understanding of cell-cell interaction revealed cell
sorting processes prior to morphogenesis.4 Apart from being involved in tissue
development and homeostasis, cell-cell interactions are used by pathogens to invade and
infect tissue. Cell-surface carbohydrates that have specific interactions with lectins on
pathogens mediate their adhesion and often constitute the initial stage of infection. To
forge a tight mutual binding event the surface density of these carbohydrates and shear
stress from fluid flow are of utmost importance. For example, pathogenic E. coli binding
via common adhesive fimbrial lectin protein FimH to mannose carbohydrates is increased
upon higher imposed shear stress and higher surface density of mannose. As a result,
FimH-mannose interactions allows the bacteria to mitigate the stresses from bodily fluid
flow and thus cause infection.”®

Glycan arrays have been extremely successful in determining the specificity and affinity of
pathogenic lectins towards carbohydrates, however the effect of glycan surface density
has been a more difficult parameter to analyse using glycan arrays.g'11 Usual strategies
require the preparation of several arrays or surfaces with discrete ligand densities, a
cumbersome process prone to errors while the information is biased by the pre-selected
ligand concentrations.”™" Surface based continuous gradient systems integrated with
microfluidics provide insight in the threshold value of the ligand surface density for
pathogen recognition under physiologically relevant conditions.”> We have adopted
supported lipid bilayers (SLB) to prepare our ligand gradient as SLBs have advantageous
properties for cellular studies. They have a highly non-fouling nature and are amenable to
further chemical functionalization.”>*® Previously, we reported a method to conduct puSLB
electrophoresis to concentrate charged membrane components in a gradient format at
low potentials. We were able to impart temporal stability to the gradients using
zwitterionic gel-state SLBs that display negligible mobility at room temperature (< 10°
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umz/s). This chip-based system also allows us to vary the flow speed and thus the shear
stress that is being exerted on components inserted into SLBs. This was previously shown
by shear induced flow of streptavidin that was bound to the SLB. Here we describe the
fabrication of locked-in SLB-gradients of mannose in a microfluidic system to analyse
mannose-FimH interaction that occurs on the mammalian cell surface and pathogenic E.
coli strains.

4.2 Results and Discussion
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Figure 4.1: Schematic representation of the steps to fabricate gradients of mannose in a SLB to study
interactions with bacterial lectins (see text for details).

To prepare continuous gradients of mannose in SLBs (Figure 4.1) we employed uSLB
electrophoresis chips that have interdigitated gold electrodes (spaced 500 um) and Cr
corrals of varying length to enable parallel analysis. The chips were first modified with a
gel-state SLB based on either DPPC (T, 41°C, Figure 4.2a-i) or MPPC (T,, 35°C, Figure 4.2a-
i) by means of vesicle fusion at 60°C or 45°C, respectively, (Figure 4.1, Step 1). The high T,
of DPPC particularly provides a convenient temperature window in which no lateral
mobility is observed. Prior to SLB formation DPPE lipids were included in the vesicles
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a)

b) o
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Figure 4.2: Chemical structures; a) Gel-state lipids i DPPC, T, 41°C, and ii MPPC, T, 35°C b) DPPE
lipid, ) Sulfo-SMCC and d) mannose-SH.

(Figure 4.2b) to allow for subsequent modification with a suitable mannose derivative.
Fluorescent and negatively charged TR-DHPE lipids were included to allow for visualization
of the gradients. After cooling down the chip to room temperature (T < T,,) the DPPE-lipid
in the SLB was reacted with heterobifunctional crosslinker sulfo-SMCC (Figure 4.2c).
Subsequently, a thiol-modified mannose (Figure 4.2d) was connected to the maleimide
group of the sulfo-SMCC linker in a Michael addition reaction to yield mannose-
functionalized SLBs (Figure 4.1, Step 2)."> Upon heating the device to 60°C, in the case of
DPPC, and performing uSLB electrophoresis in the presence of 0.5 mM F.CH,OH at 1 V
potential difference, the mannose-modified DPPE and TR-DHPE lipids displayed
electrophoretic migration and build-up against the Cr-corrals due to the net negative
charge of -1 on these lipids (see Figure S1 for corral design). After 30 minutes of
electrophoretic migration, while flowing the liquid in opposite direction, the chip was
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rapidly cooled down to room temperature to lock the gradients (Figure 4.1, Step 3). To
evaluate binding characteristics of bacteria to our mannose gradients, we adhered E. coli
strain ORN 178, which expresses wild-type FimHK514, and control strain ORN 208, which
expresses mutated inactive forms of FimHK514 (Figure 4.1, Step 4). The binding behaviour
of the ORN strains to the mannose gradients was monitored at varying flow rates (Figure
4.1 step 4).

The steps of generating the mannose-modified SLB were evaluated using quartz-crystal
microbalance with dissipation measurements (QCM-D). To this end, a borosilicate-coated
QCM resonator was modified with a MPPC-based SLB, which allowed us to obtain a stable
QCM-D signal. The MPPC-SLB was also doped with 0.2 mol% TR-DHPE and 1 mol% DPPE.
The characteristics of the vesicle fusion process was observed by a change in the
frequency and this change levelled around the -25 Hz, in agreement with observations
made in literature (Figure 4.3a).”° Both the attachment of the sulfo-SMCC linker as well as
the subsequent conjugation of mannose-SH could be followed by monitoring changes in
frequency and dissipation. These changes stabilized after 30 and 50 minutes, respectively
(Figure 4.3b-c) indicating that the reaction was complete. A larger shift in AD and Af was
observed in the case of attaching the mannose derivative, presumably related to a more
flexible, polar and extended structure involving additional coupled water.” The presence
and binding properties of the mannose-modified SLBs was evaluated by following the
change in frequency and dissipation upon flowing a 1 uM solution of a lectin protein
Conconavalin A (ConA) over the chip. ConA is homotetrameric lectin that is able to bind
mannose.”” Binding of ConA to the mannose-modified SLB occurred within 15 minutes and
only slowly dissociated when rinsed with buffer (Figure 4.3d). Upon introduction of a 10
mM mannose solution, fast dissociation of ConA from the SLB was observed. No ConA
binding was observed to unmodified MPPC-SLB doped with DPPE and TR-DHPE further
verifying that the interaction of ConA and mannose was specific (Figure S2). It furthermore
demonstrated absence of protein binding to the SLB in line with its non-fouling properties.
The QCM-D experiments confirmed that the SLBs can be modified with mannose moieties
that were able to specifically bind with proteins.

We next fabricated mannose-modified SLB gradients as described in Figure 4.1 on the
USLB electrophoresis chips. Upon separate incubations of the mannose-modified SLBs
with strain ORN 178 and the control strain ORN 208, we observed selective binding after
flushing the surface at 100 uL min™. In Figure 4.4a bright field and fluorescent microscopy
images are shown of bacteria adhered to a mannose gradient prepared with 0.4 mol%
DPPE-mannose. TR-DHPE serves as a suitable marker for the electrophoretic build-up of
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DPPE-mannose due a similar lipid structure, charge and molecular weight.23 The TR-DHPE
fluorescence image in Figure 4.4a exhibited a distinct fluorescence build-up along a 430
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Figure 4.3: Evaluating mannose-modified SLBs with QCM-D; a) SLB formation of a MPPC-based SLB
doped with 1 mol% DPPE and 0.2 mol% TR-DHPE at 45°C on a borosilicate resonator (dashed line
indicates addition of LUVs). b) Subsequent reaction of 5mM sulfo-SMCC at r.t. with DPPE for 30
minutes at pH 7.4 (dashed line indicates addition of sulfo-SMCC). c) Reaction with 1 mM mannose-
SH for 30 minutes at pH 6.8 (dashed line indicates addition mannose-SH (Man-SH). d) Binding of 1
UM ConA to the mannose-modified SLB. Dashed lines from left to right represent; addition of ConA,
buffer wash (Buff) and addition of 10 mM mannose (Man). Data presented for AD,_; and Af,-s.

um long corral. In the region of the upper limit of the gradient as determined from the TR-
DHPE fluorescence, an increased amount of adhered ORN 178 can be clearly noted after
applying flow. The ORN 178 cell count increased with increasing surface density of
mannose (Figure 4.4b) whereas only negligible binding of control ORN 208 (Figure 4.4c)
occurred to the gradient i.e. ca. 5% compared to ORN 178 after applying flow. Control
experiments performed on unmodified DPPC-based SLBs doped with DPPE and TR-DHPE
revealed no interaction with the zwitterionic SLB, confirming specific interaction of the
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FimH receptor with DPPE-mannose. To widen the probing window of our gradients,
different mannose-modified SLB gradients were prepared by varying the doping densities
of DPPE (0.1, 2 and 4 mol%) prior to uSLB electrophoresis. For each mannose-modified SLB
gradient, the corrals were divided into five bins (i-v) and the average interligand spacing
for each bin was calculated based on the TR-DHPE build-up. Based on the binding of ORN
178 to these mannose-modified SLB gradients, the bacterial immobilization is plotted as a
function of mannose carbohydrates per area unit (Figure 4.4d).
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Figure 4.4: Bacterial surface gradient on 0.4 mol% DPPE-mannose; a) Bright field micrographs of
ORN 178 (marked green for clarity reasons) and ORN 208 (marked red for clarity reasons) binding at
100 dynes cm™ to the DPPE-mannose gradient indicated by TR-DHPE fluorescence, scale bar 100 um.
Quantification of cell count vs TR-DHPE fluorescence of b) ORN 178 and c) ORN 208. In c) the dotted
red line indicates the mean start amount of ORN 208, grey region represents the SD d) Number of
bound ORN 178 cells per um2 as a function of mannose surface density (Black squares). The solid red
line is to guide the eye. Inset shown log-log plot

This plot demonstrates that a significant rise in the number of adhered bacterial cells
occurred by an order of magnitude only at a very narrow window of rising mannose
densities from 0.0020 to 0.0040 nm’. Beyond 0.0050 mannose moieties per nm’, the

103




Probing the threshold in bacteria-mannose recognition using SLB gradients

number of adhered bacterial cells remains constant. These results confirm that the
availability of ligand-modified SLB gradients on a single chip is powerful to evaluate the
selective binding of cells as the density and slope of the ligand presentation in the gradient
details the threshold for pathogen recognition to the ligands.
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Figure 4.5: Influence of shear stress on ORN 178 and ORN 208 binding to locked-in_mannose
gradients; Effect of increasing shear stress on ORN 178 bound to mannose-gradients. a) Percentage
of adherent ORN 178 vs. shear stress, three regimes were found. b) Longitudinal and axial shear
stress distributions at 1,000 pL hr. c) Percentage of adhered ORN 208, normalized against ORN 178
data, subjected to varying shear stresses.

To further exploit the mannose-modified SLB gradients on our chip, we next varied the
flow speed within the channel to investigate the effect of shear stress on the adhered
bacteria (Figure 4.5a). To accurately describe the shear stress near the surface, a finite
elements simulation was performed (Figure 4.5b) showing that shear stress values of up to
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ca. 200 dynes cm? could be evaluated in our device. In vivo, wall shear stress in human
blood vessels range from tenth, to several hundreds of dynes cm™ for e.g. veins and
stenotic vessels, respectively.24 In the region of high bacterial cell density driven by the
high surface density of mannose, the majority (88%) of ORN 178 cells were able to remain
bound under increasing shear stress. Whereas in the region with the highest density of
mannose (bin v) only a small fraction of bacterial cells were lost from the gradient at high
shear stress, in the two regions with the lowest density of mannose (bins i and ii) a
significant reduction (75%) of bound bacterial cells was observed, while bins iii and iv
represented an intermediate case (40%). In the absence of flow and in the presence of
cells, specific interaction of ORN 178 with the mannose surface resulted in a two times
higher initial cell density compared to ORN 208 (Figure 4.5c). When these ORN 208 cells
were subjected to flow and at increasing shear stress, ca. 95% of the initially adhered
bacteria were washed away indicating that these ORN 208 were non-specifically adhered
(Figure 4.5c). Our findings support that the typical catch-bond formation between
mannose and FimH receptor had occurred. This is evidenced by the bacterial adhesion in
e.g. bins iii and iv where we note a decrease in cell detachment upon increase in shear
stress. Similar effects have been observed on surfaces coated with monomannosylated
BSA (mono-mannose). In this case at ca. 50 dynes cm™ the fraction of firmly attached cells
levelled off, similar to the results in Figure 4.5a.” On the contrary, the region with the
highest density of mannose (bin v) showed very little loss of bacteria upon increase in
shear stress, reminiscent of bacterial adhesion on RNaseB coated surfaces (tri-mannose)
surfaces under increasing shear stress.”>”® Illustrating that the mannose-SLB gradient
enables the simultaneous analysis of mannose density and shear stress on bacterial
binding.

In all cases, the surface bound bacterial cells moved across the surface in the flow
direction each time promptly after the flow speed was increased. This bacterial cell
immediate movement could not be observed in time in the case the flow speed was kept
constant. This is in agreement with literature data where E. coli movement in time was
exclusively observed at very low shear stress, i.e. < 10 dynes cm”, which is below the
lowest shear stress tested in this study i.e. 14.2 dynes cm?® Beyond the shear stress range
that was tested in that study, we observed an immediate response to changes in shear
stress. The bacterial response is presumably related to stick-and-roll rolling motion of cells

that is physiologically observed.”**’

When considering three regions of mannose density
in the SLB gradient (bins i and ii, bins iii and iv and bin v), three distinct bacterial
populations can be discerned with respect to the total bacterial displacement as a result
of rolling during the course of the experiment (Figure 4.6a). During the shear stress
experiments on all parts of the mannose-modified SLB gradient, ORN 178 cells were

identified that traversed across the SLB with total distances that can be grouped in 0-5, 5-
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10 and 10-15 um. The absolute amount of cells per um2 that moved less than 5 um was
significantly highest for the region of the highest density of mannose (bin v) indicating that
stronger surface interactions were experienced by the bacteria in this region (Figure 4.6b).
Moreover, the fraction of the cells within each bin that moved a distance of 10-15 um
decreased with increasing mannose surface density (Figure 4.6c), supporting stronger
surface interaction in those regions. Although this stick-and-roll rolling motion has been
observed in vitro at low shear stress levels on fully coated mono- and tri-mannose
samples,”’ to our knowledge this behaviour has not been studied on more dilute mannose
surfaces in a broader shear stress regime. Recently, it has been shown that E. coli
displacement could be caused by FimH-mannose bonds that form and break according to
the two-state, allosteric catch-bond model, or due to shear-stabilized rolling. The latter is
thought to be caused by an increase in the low-affinity bonds due to increased fimbrial
deformation with shear.’® Our observations might indicate different adhesion and rolling
processes that have occurred and their propensity in relation to mannose density and
shear stress.
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Figure 4.6: Bacterial displacement vs. shear stress; ORN 178 displacement vs. in shear stress per
regime of mannose density i.e. bins i+ii, iii+iv and v. Data is presented for cells that remained bound
throughout the experiment. Three populations within each regime were identified with respect to
total distance travelled. a) Distance travelled vs, shear stress, data presented as mean = SD. The
absolute amounts of the three populations per regime is given in b). The fraction of bacterial cells
that travelled a distance of 10-15 pum per regime is presented in c). The three populations of
bacterial displacement are presented as 0-5 (Blue), 5-10 (Red) and 10-15 (Green) um travelled.
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4.3. Conclusions

Locked-in gradients of mannose were prepared, characterized and used to evaluate the
binding of E. coli strain ORN 178. FimH lectin binding to the continuous locked-in mannose
gradients is specific and shows selective binding above a threshold density of mannose.
The non-fouling properties of the SLB surface ensured absence of non-specific binding of
bacteria. The chips were applied to study the binding of ORN 178 cells under application of
shear stress. Bacteria bound to highest regions of mannose on the SLB gradient are most
prone to retain their cell-surface interactions. Bacterial displacement was noted upon a
change in shear stress which is indicative of rolling behaviour and was found to be
inversely related to mannose density. Our SLB gradient chip proves instrumental for
probing the threshold in pathogen-lectin interactions in a semi-high-throughput fashion by
easily varying the ligand density over a wide range on one chip under physiologically
relevant shear conditions on a non-fouling SLB surface.
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4.5 Experimental section

4.5.1 Materials

All starting materials and chemicals were purchased from Sigma-Aldrich, Fluka, Serva,
Becton Dickinson, Avanti Polar Lipids, Microchem, Thermo Fisher and Invitrogen, and they
were used as received, unless otherwise stated. Mannose-SH was kindly provided by O.
Roling and B.J. Ravoo and synthesized according to a literature procedure.” Both ORN 178
and ORN 208 bacterial strain were kindly provided by Prof. Luc Brunsveld, TU/e. MilliQ
water with a resistivity higher than 18 MQcm™ was used in all experiments.

4.5.2 Methods

Chip fabrication, PDMS flow channel and PDMS bonding. For more information consult
experimental section of Chapter 2. Additional care was taken to use a fresh F.CH,OH
solution for gradient formation of the DOPS lipids to ensure a near pH-neutral solution.

Vesicle preparation. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti Polar
Lipids) was stored as a 10 mg/mL stock solution in chloroform at -20°C. 1,2-
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Dihexadecanoyl-sn-glycero-3-phosphoethanol-amine (DPPE, Avanti Polar Lipids) was
stored as a 4 mg/mL stock in chloroform at -20°C. The charged lipid-dye conjugate, Texas
Red-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE, Invitrogen) was
stored as a 1 mg/mL stock solution in methanol at -20°C. Desired molar ratios of the DPPC,
DPPE and TR-DHPE were mixed and dried under a flow of nitrogen in a glass vial, and
subsequently placed for at least 1 hour. The resulting lipid film was re-suspended by
vortexing in MilliQ water to form multilamellar vesicles (MLVs) at 1 mg/mL at 60°C. The
MLV solution was extruded 11 times through a 100 nm polycarbonate membrane (Avanti
Polar Lipids) at 60°C. The resulting large unilaminar vesicles (LUVs) were kept at room
temperature and used within two weeks.

SLB formation. SLB formation was performed as described in Chapter 3, with one
modification, i.e. after vesicle fusion, rinsing with MilliQ water (300 uL/min) and cooling
down, the chip was flushed with 50 mM sodium phosphate buffer (Sigma-Aldrich, pH 7.4).

Mannose coupling. To conjugate mannose to the primary amine of DPPE 5 mM of
sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC) in 50
mM sodium phosphate buffer (pH 7.4) was allowed to react for 1 hour at room
temperature. Subsequently, 1 mM mannose-SH in 50 mM sodium phosphate (Sigma-
Aldrich pH 6.8) was flown through the device and left to react for 1 hour. Care was taken
to prepare fresh solutions in order to prevent NHS hydrolysis and disulfide formation,
respectively. Afterwards the chip was extensively rinsed with milliQ prior to uSLB
electrophoresis.

USLB electrophoresis. Electric fields were generated and currents were measured with a
CH Instruments 760D potentiostat with the counter and reference connections shorted.
During USLB electrophoresis, a freshly prepared solution of 0.5 mM of F.CH,OH (Sigma-
Aldrich) in MilliQ water was flushed through the chip at 100 pL/min. Prior to heating the
device a potential difference of 1 V was applied for at least 30 seconds at room
temperature. After that the chip was heated to 60°C and the potential difference of 1 V
was applied for 30 minutes. Subsequently, the chip was cooled down rapidly on a heat
exchanger for 5 minutes to fix the mannose surface gradient.

Bacterial cell culture. The bacterial strains ORN 178 and ORN 208 were grown overnight in
LB media (Sigma-Aldrich) using tetracycline (Sigma-Aldrich) as the selective antibiotic.
These were then spun down at 5,000 x g for 10 minutes and the supernatant was
discarded. The bacteria were washed twice with 10 mM HEPES, 137 mM NacCl, pH 7 buffer
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by centrifugation and resuspension. Finally the bacteria were reconstituted in this buffer
and their optical density (OD) at 600 nm was measured.

Bacterial adhesion. OD 0.1 solutions of ORN 178 and ORN 208 were prepared in the above
mentioned HEPES NaCl buffer. Prior to flowing the bacteria through the device, MnCl, and
CaCl, were added at a final concentration of 1 mM. 200 uL of bacterial solution was flown
through the chip at 100 pL/min. The flow was stopped and the cells were left to settle for
15 minutes. After the set incubation period, the flow speed was increased incrementally
to study the effect of shear stress as well as surface mannose density.

Fluorescence microscopy. An Olympus inverted IX71 epi-fluorescence research
microscope with a Xenon X-cite 120PC as light source and a digital Olympus DR70 camera
for image acquisition was used to acquire fluorescence micrographs of the TR-DHPE
gradient. TR-DHPE was imaged using 510 < A< 550 nm and A, > 590 nm. Bacterial
adhesion was imaged using top bright field illumination. In both instances 1ISO200 camera
settings were used to record high quality, low noise images. In the case of fluorescence
micrographs, care was taken to ensure image acquisition was performed in the linear
response regime.

QCM-D. SLBs were formed on borosilicate QCM resonators (Q-Sense, QSX 336). Prior to
use, the resonators were cleaned with Piranha for 5 minutes and rinsed with milliQ. After
mounting the cleaned resonators in the QCM-D holder. The temperature was set at 45°C
allowed to equilibrate while flowing 0.5x degassed 0.01 M PBS (Sigma-Aldrich, pH 7.4).
After obtaining a stable baseline (less than A 0.5 Hz during 10 minutes), 0.5 mg/mL LUVs
were flown through the device. The 1 mg/mL stock LUV solution in milliQ was diluted 1:1
with 0.01 M PBS (Sigma-Aldrich, pH 7.4) just before addition of vesicles. After monitoring
the vesicle fusion process, the temperature was lowered to 22°C in the presence of the
LUV solution. Subsequently, 50 mM sodium phosphate buffer (Sigma-Aldrich, pH 7.4) was
passed through until a stable baseline was reached. A freshly prepared 5 mM sulfo-SMCC
solution in 50 mM sodium phosphate buffer (Sigma, Aldrich, pH 7.4) was allowed to react
for 30 minutes. Subsequently, a 1 mM mannose-SH solution in 50 mM sodium phosphate
buffer (Sigma-Aldrich, pH 6.8) was allowed to react for 30 minutes. A 1 uM Concanavalin A
(Sigma-Aldrich) solution in pH 7 HEPES NaCl buffer containing 1 mM MnCl, and CaCl, was
flown through the device to monitor binding. All fluids were exchanged continuously at
100 pL min™ using a peristaltic pump.
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Data analysis. Image analysis was performed using ImageJ (NIH), Origin (OriginLab) and
Excel (Microsoft).

Simulation of shear stress. Finite elements analysis (COMSOL Multiphysics) was
performed to gain insights into the shear stress at certain flow speeds in our device. A
simulation domain of 500 pum x 50 um x 1 mm was used to model the flow channel.
Navier-Stokes equations were solved for incompressible laminar flow (very low Reynolds
number) with no-slip boundary conditions at the walls. Constant volumetric flow rate was
defined at the inlet as laminar in-flow with 2 mm entrance length. The 3D model consisted
of 430,000 elements to reach mesh independent convergence. For the simulations, water
was taken as the model liquid. A calculated wall shear stress per unit flow rate of 1.42 x
10” Pa pL'hr* was found. Experiments were performed to prove that no back pressure
was evident at the flow speeds used herein.
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4.7 Supporting information
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Figure S1: Chip corral design; a) Schematic of the uSLB electrophoresis chip with PDMS flow channel
bonded to the surface. b) Chip design showing the different coral lengths, scale bar 1 mm.
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Figure S2: ConA binding on DPPE vs. DPPE-mannose functionalized MPPC-SLB; The solid curve
represent the QCM-D response of DPPE and the dotted curve of DPPE-mannose to ConA addition.
Data presented for AD,_s and Af,-s.
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Tuning cell adhesion, spreading and matrix formation
of cells in vitro using SLBs

The cell repellent and non-fouling properties in combination with functionalization
strategies of supported lipid bilayers (SLBs) open the opportunity for fundamental studies
aimed at understanding the role of cell-extracellular matrix (ECM) interactions in cell
behaviour and stem cell differentiation. In the present work, the synthesis of an RGD ligand
is described that can be incorporated in SLBs to specifically interact with cells. The density
and mobility of the RGD ligand can be varied and is used to steer cell adhesion and
spreading. Human primary chondrocytes were used as a model cell system and their
morphology was varied from single spheroid cells, single spread cells to the formation of
cellular clusters of chondrocytes. In addition, the lateral mobility of the RGD ligands was
found to influence the focal adhesion assembly and the cytoskeletal organization of
chondrocytes. Moreover, the matrix deposition of a preosteoblastic cell line was
modulated by a change in the lateral mobility of the RGD ligands in either liquid or gel-
state SLBs. Apart from the well-studied interligand spacing, altering the lateral mobility of
ligands in SLBs offers new opportunities in studying and directing (stem) cell fate.

J. van Weerd, N. Georgi, K.E. de Rooij, A. Chan, M. Karperien and P. Jonkheijm (2014) manuscript in
preparation
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5.1 Introduction

Cartilage can be found on surfaces of articulating joints where it prevents direct bone-to-
bone contact and reduces friction. Cartilage tissue can be damaged by wear, trauma or
diseases like degenerating joint conditions such as osteoarthritis. The low healing capacity
of damaged cartilage tissue results in progressive degradation of the tissue eventually
leading to impaired joint function. Therefore cell-based cartilage repair strategies have
been proposed such as"™ autologous chondrocyte transplantation. /n vivo, chondrocytes
are found in cartilage tissue where they produce and maintain the cartilaginous matrix.* In
autologous chondrocyte transplantation, healthy cartilage tissue is explanted from the
patient and chondrocytes are isolated and expanded in vitro. Due to the low cell-to-matrix
ratio in cartilage tissue, 2-3%, cell expansion is essential to obtain sufficiently large
amounts of chondrocytes to repair the tissue defect. However, in vitro 2D cell expansion
often results in chondrocyte dedifferentiation, which is characterized by the loss of
chondrogenic phenotype and tissue repair capacity.5 Dedifferentiation is observed when
chondrocytes are isolated from their native ECM and are cultured under conditions that
promote a flattened cell morphology indicated by the formation of actin stress fibres.®
Low attachment 3D cell culture platforms like agarose microwells or hydrogels that mimic
the native environment, are studied to prevent chondrocyte dedifferentiation.” In this
case promising results have been achieved showing that chondrocytes can maintain their
spheroid morphology and partially retain their phenotype.” In addition, growth factors like
transforming growth factor beta (TGF-B) have been used to maintain a chondrocyte
phenotype.? Yet most approaches lack the simultaneous mimicking of cell-ECM-interaction
and maintenance of round morphology.

An alternative approach to design cell culture platforms that allow for maintaining the
native (spheroid) morphology of chondrocytes would be to explore the possibility to
culture human articular chondrocytes on supported lipid bilayers (SLBs). SLBs as in vitro
cell culture platforms allow for the study of both cell-cell interaction as well as cell-ECM
interaction, as reviewed in Chapter 1. For example, SLBs decorated with RGD-peptides
have been used to mimic e.g. the ECM to promote neural cell adhesion and to study
podosome formation in fibroblasts.”™® An important consideration in such studies is how
to optimize the engagement of the RGD ligands with transmembrane integrins. By
variations in the RGD doping density in SLBs the change in interligand spacing of the RGD
ligands led to changes in adhesion and spreading of HEK293 cells. HEK293 cells cultured on
SLBs doped with 1 mol% of an RGD-lipid, which relates to an interligand spacing of ca. 10
nm, were able to flatten and form filopodial extensions and show cell migration. In
contrast, lower densities of RGD-lipids caused HEK293 cells to adopt a spheroid
morphology." Another possible consideration when using SLBs for cell culture is the
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fluidity of the membrane and components tethered to the membrane. Changing from a
liquid-state to a gel-state SLB has been shown to prevent clustering of epidermal growth
factors in breast cancer cell line, MCF-7." Other work showed an increased adhesion and
spreading of chinese hamster ovary cells to gel-stated versus liquid-state SLBs tethered
with E-cadherins.”

In this Chapter, culturing of human articular chondrocytes on SLBs is evaluated as a novel
strategy to maintain their native (spheroid) morphology in a 2D cell culture system,
indicative of their chondrogenic phenotype. The effect of interligand spacing and SLB
fluidity is studied to control cell adhesion and spreading of human articular chondrocytes
in order to maintain their phenotype. Furthermore, the SLB fluidity was shown to impact
the extent of matrix deposition of murine preosteoblastic cells. To this end, an RGD ligand
was synthesized and incorporated in either liquid- or gel-state SLBs and these functional
SLBs were then used as a substrate for cell culture.

5.2 Results and discussion

5.2.1 Human primary chondrocytes cultured on SLBs

Zwitterionic liquid-state SLBs were prepared on glass bottomed well plates that were used
for the adhesion and spreading of chondrocytes. The chondrocytes were cultured for one
week and inspected using bright field and fluorescence microscopy. A significantly
decreased number of cells adhered to the SLBs when compared to the glass control as can
be seen in the bright field microscopy images in Figure 5.1. Spreading of chondrocytes was
virtually absent on the SLBs and the cells maintained a spheroid morphology. These
observations are in agreement with the reported non-fouling nature of zwitterionic SLBs.
Despite maintaining their native morphology, a lower cell viability was observed in the
case of culturing chondrocytes on unmodified, zwitterionic SLBs when compared to glass
controls as detected using a live/dead assay.
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Figure 5.1: Human articular chondrocytes cultured on liquid-state SLBs; human articular

chondrocytes were cultured for 1 week on liquid-state SLBs, consisting of DOPC, prepared on glass-
bottom well plates and on control glass surfaces. Bright field images are shown, cell viability was
assessed with a live/dead assay and fluorescence analysis of the cytoskeleton (F-actin) and nucleus
was performed.

To specifically promote the adhesion and viability of chondrocytes on zwitterionic SLBs,
the presence of an RGD ligand on the SLB would be an interesting strategy to engage with

a,fB; integrin receptors of chondrocytes.”’15

To this end, an RGD ligand carrying two
palmitoyl chains was synthesized and purified as described in the experimental section.
The experimental approach is shown in Figure 5.2. By varying the doping density of the
RGD ligand in the vesicles used for the preparation of SLBs, the interligand spacing of RGD
ligands in the SLB can be modulated and used as a measure to study the adhesion and
spreading of chondrocytes. The interligand spacing in SLBs, defined as d (in nm), can be

approximated as'®

d — ALr‘pid (1)
zRGD

where Aiq the average lipid area in nm?” and Xrep Molar fraction of palmitoylated RGD.
The calculated d assumes equal distribution between the top and bottom leaflet, full
incorporation of the amphiphile into the SLB and a homogeneous distribution throughout
the bilayer. We aimed for insertion of RGD peptides in the SLB covering d-values of 500,
250, 100 and 50 nm. To minimize the effects of cell-cell interactions, low cell seeding

densities (5,000 ceIIs/cmz) were used.
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Figure 5.2: Experimental approach for RGD-functionalized SLBs; a) the chemical structure of the RGD
peptide carrying two palmitoyl chains. b) lllustration showing interligand spacing (d), integrin
engagement (Red) with the SLB and cytoskeletal coupling via focal adhesion molecules (Orange) to
actin filaments (Green).

The presence of RGD peptides in the liquid-state DOPC-based SLBs resulted in a higher
number of viable adhered cells as was observed in the life/dead assay (Figure 5.3). The
highest chondrocyte cell viability was observed for SLBs with d-values in the range of 50 -
250 nm, while at the lowest amount of inserted RGD peptides a similar viability was
observed as in the case of glass surfaces (Figure 5.4). Observations made using bright field
microscopy show predominantly spheroid cells throughout the d-range that was
evaluated, while fluorescence analysis of the cell cytoskeleton revealed a more spread
morphology at d-values of 100 and 50 nm. This observation was confirmed by cell shape
analysis showing a significant increase in eccentricity and a decrease in form factor® of the

@ 4*n*area/perimeter2, 1 equals a perfectly circular object
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cell cytoskeleton. This is complemented by a significant increase in projected cell area
(Figure 5.4).

Actin, Phalloidin
b ______| Deadcells ________| NuclejDAPI _______
€
[ =
=}
S
n
n
-
|
£
=
o
wn
(o]
n
°
|
€
=
=)
o
-
n
°
| 3
£
<
ol.
wn
1
°
200 pm
|

Figure 5.3: Effects of different d-values of RGD ligands in liguid-state SLBs on human chondrocytes;

human articular chondrocytes were cultured for 1 week on liquid-state SLB, consisting of DOPC,
doped with varying amounts of palmitoylated RGD. d-values of 50, 100, 250 and 500 nm were
studied. Representative bright field, live/dead staining and fluorescence micrographs of
cytoskeleton (F-actin) and nucleus are shown. Scale bar 200 um.

The results show that the interligand spacing of cell adhesive RGD sites present on liquid-
state SLBs can be used to control the extent of chondrocyte spreading. In particular at a
250 nm spacing of the RGD peptides, high cell viability was observed without significant
chrondrocyte spreading during the course of 1 week. However this is not taken into
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consideration a possible proliferation response. When the amount of RGD ligands on the
SLBs result in a spacing of less than 250 nm, a fibroblastic phenotype is observed. This
observation is in agreement with literature that describes the adhesion and spreading of
chondrocytes on fouling glass surfaces.”” When comparing the response of other cell types
to changes in RGD density on gold nanodot surfaces,™ osteoblasts show differences in
their extent of cell spreading and cell polarization as a function of RGD spacing.” In the
case of fibroblast cells, cell spreading was observed on RGD surfaces with an interligand
spacing of 440 nm while for focal contact and stress fibre formation an increased RGD
surface density of 140 nm was required.20 In the case of mesenchymal stem cells an RGD
interligand spacing of 30 and 60 nm was shown to promote osteogenesis and
adipogenesis, respectively.21

a) 120 b) 3.0
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Figure 5.4: Quantified effect of RGD interligand spacing on human chondrocytes; a) result of
live/dead assay after 1 week of human articular chondrocytes cell culture on liquid-state SLB doped
with RGD and b) quantified cell shape features. d-values of 50, 100, 250 and 500 nhm were studied.
Data presented as mean + SD, 1-way ANOVA * p < 0.05, post-hoc Tukey test.

Much to our surprise, when chondrocyte cells were seeded on DPPC-based gel-state SLBs
containing similar RGD d-values, a higher number of chondrocytes adhered and the cell
viability was higher when compared to the observations made on the DOPC liquid-state
SLBs after 1 week of culture (Figure 5.5 and 5.6). Upon increasing the RGD-doping density,
the chondrocyte cell layer morphology dramatically changed from predominantly single
cells at high d-value (500 nm) to clusters of cells at low d-value (50 nm). These clusters of
cells consisted of viable cells as concluded from a live/dead staining (Figure 5.5). The
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presence of clusters of cells was also clearly observed with bright field and fluorescence
microscopy.

Actin, Phalloidin
Dead cells Nuclei, DAPI
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Figure 5.5: Effect of different d-values RGD amphiphile in gel-state SLB on human chondrocytes;

human articular chondrocytes were cultured for 1 week on liquid-state SLB, consisting of DPPC,
doped with varying amounts of palmitoylated RGD. d-values of 50, 100, 250 and 500 nm were
studied. Representative bright field, live/dead staining and fluorescence micrographs are shown.
Arrows indicate cell aggregates. Arrows indicate cell clusters.
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Figure 5.6: Results of live/dead assays on gel-state SLBs; live/dead after 1 week of human articular
chondrocytes cell culture on gel-state SLB doped with RGD, d-values of 50, 100, 250 and 500 nm
were used.

To carefully examine the effect of the differences between the mobility of the RGD ligands
in the liquid-state versus gel-state SLBs on the cytoskeletal organization of human
chondrocytes, focal adhesion (FA) and stress fibre formation was evaluated. To this end,
chondrocytes were seeded on SLB surfaces to display a similar projected cell area and cell
layer morphology. When chondrocytes were cultured on liquid- and gel-state SLBs doped
with RGD ligands at a d-value of 5 nm, on both types of SLBs clusters of cells were
observed and single cells spread with qualitatively similar cell area and cell viability (Figure
S1). A more in depth investigation into cytoskeletal organization was performed for single
spread chondrocytes on liquid- and gel-state SLBs functionalized with a 5 nm interligand
spacing of RGD (Figure 5.7). Cells grown on the liquid-state SLBs showed a largely
disorganized actin network in absence of large FA assemblies, cells grown on gel-state
SLBs had well-defined actin stress fibres and large FA assemblies that were located at the
cell periphery. These results indicate that changing the mobility of RGD ligands in SLBs,
stress fibre formation and focal adhesion assembly in human chondrocytes can be
modulated. As a result, a more stable cell attachment on gel-state SLBs is suggested.
Although it has been suggested that initial RGD-integrin engagement and clustering is

independent of traction forces,”***

our results are in agreement with observations that
show that contraction-mediated maturation of these integrin clusters are required for
stable adhesion.”* Our observations are also in line with previous discussions that liquid-
state SLBs bearing mobile adhesive sites can impair generation of traction forces by cells.”

As a result, the physical properties of the SLB can be sensed differentially by cells and can
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modulate the assembly of the actomyosin cytoskeletal network such as stress fibre
formation in human chondrocytes.25

Actin, Phalloidin Nuclei, DAPI Merge

DOPC

DPPC

Figure 5.7: FA and stress fibre formation in chondrocytes cultured on liquid vs. gel-state RGD-SLBs;

human articular chondrocytes were cultured for 48 hours on liquid- and gel-state SLBs, consisting of
DOPC and DPPC, respectively. Fluorescence analysis of the cytoskeleton (F-actin), nucleus and FA
(paxilin) were performed. Palmitoylated RGD was added at d = 5 nm. Arrows highlight actin
filaments and FAs.

5.2.2 KS483 matrix deposition

Motivated by our findings that the physical properties of the SLB can be sensed
differentially by chondrocytes as detected in the assembly of the actomyosin cytoskeletal
network such as stress fibre formation, we next investigated whether the change in the
lateral mobility of the RGD ligands would be sufficient to steer cell differentiation. It has
been shown that inhibiting contractility of mesenchymal stem cells by e.g. blebbistatin
promotes adipogenesis on otherwise osteogenic surfaces.”® Since force generating and, as
a consequence, cell contractility can be impaired on liquid-state SLBs, we hypothesized
that similar effects would be observed on these mobile layers. To this end, murine
preosteoblastic (KS483) cells were cultured on liquid and gel-state SLBs bearing RGD
ligands at d-values of 25 and 100 nm. KS483 have been used as a model cell line for
mesenchymal stem cells that can differentiate into osteoblasts, chondrocytes and
adipocytes. The KS483 cells were cultured under either osteogenic or adipogenic
conditions at high seeding density of ca. 10,000 cells/cm’. After two weeks of cell culture
the samples were fixed and stained for alkaline phosphatase (ALP) or Qil Red O which are
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markers for osteogenesis and adipogenesis, respectively. The results in Figure 5.6a show
that adipogenesis is more evident in the case when KS483 cells were cultured on liquid-
state SLBs when compared to observations made when KS483 cells were grown on gel-
state SLBs. In contrast, osteogenesis was promoted on gel-state SLBs instead of liquid-
state SLBs. Quantification of ALP and Oil Red O (Figure 5.6b) clearly shows this differential
behaviour.
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Figure 5.6: Matrix depositions of KS483 cells on SLBs; KS483 cells were cultured for two weeks in
osteogenic or adipogenic media. a) Histological staining for ALP (osteogenic medium) and Oil Red O
(adipogenic medium) of DOPC and DPPC SLBs doped with d = 25 nm of RGD and b) quantified ALP
and Oil Red O staining for d-values of 25 and 100 nm. DAPI was used to counterstain the cell
nucleus. Data presented as mean * SD.

5.3 Conclusion

Successful preparation of zwitterionic liquid- and gel-state SLBs with inserted RGD ligands
is described and used to promote cell adhesion. Human chondrocyte cell spreading and
cytoskeletal organization was influenced by varying the RGD density. Moreover, we
observed that the lateral mobility of the RGD ligands across the SLB strongly influences
chondrocyte cell organization. The cell layer morphology ranged from single spheroid
cells, single spread cells to the formation of cell clusters. Chondrocyte cell viability could
be tuned using liquid-state SLBs by varying the RGD-doping density. Close inspection of
the FA and actin fibres at high RGD densities revealed larger FA assemblies on gel-state
SLBs with a more organized cell cytoskeleton in comparison with liquid-state SLBs.
Moreover, we found that the lateral mobility of the RGD ligands inverted the cell matrix
deposition in murine preosteoblastic cells.
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5.4. Experimental section

5.4.1 Materials

All starting materials and chemicals were purchased from Sigma-Aldrich, Greiner, Fluka,
Serva, Avanti Polar Lipids, Gibco, Lonza, Invitrogen, and they were used as received, unless
otherwise stated. MilliQ water with a resistivity higher than 18 MQ cm™ was used in all
experiments.

Palmitoylated RGD. KGGRGDS was synthesized according to Figure S2. Rink amide resin
(50 mmol scale) was used in a microwave solid-phase peptide synthesizer (CEM). Standard
amino acid coupling methods from the manufacturer were used. The first amino acid was
coupled using a double coupling procedure. After the final Fmoc deprotection step, 10 eq.
NHS-palmitate (vide infra) dissolved in 3 mL DMF and 1.1 eq. DIPEA were added to the
resin. After 5 h, the resin was washed multiple times with DMF and DCM. After addition of
TFA/TIS/milliQ (95/2.5/2.5) and a microwave cleavage (40 W) step was performed for 30
minutes while stirring, the peptide was precipitated in cold diethyl ether. RP-HPLC
(reverse-phase high pressure liquid chromatography, Waters C18-column) purification of
the mono-palmitoylated peptide was performed using a gradient of water/acetonitrile
supplemented with 0.1% TFA. Using ToF-ESI the [M+H]" and [M+H]*" peaks could be
identified for the RGD derivative at 913.2 (calc. [M+H]" 913.6) and 457.1, respectively
(Figure S3a-b). After lyophilisation, 5 mg mono-palmitoylated peptide was dissolved in 2
mL DSMO and to this solution were added 10 eq. NHS-palmitate dissolved in 2 mL DMF
and 1.1 eq. DIPEA. The reaction was monitored using ToF-ESI and upon disappearance of
the mono-palmitoylated peak, which occurred after 4 - 5 hours. The crude was washed
several times with diethyl ether to remove unreacted NHS-palmitate. After lyophilisation,
ESI-ToF showed 1153.1 [M+H]" (calc. 1151.8) (Figure S3c).

NHS-palmitate. NHS-palmitate was synthesized according to a literature procedure
(Figure S4a).”” In short, palmitic acid (20 mmol), NHS (20 mmol) and DCC (20 mmol) were
dissolved in 20 mL THF at 0°C for 1 hour and stirred overnight at room temperature. After
filtration to remove solids, recrystallization from hot methanol afforded the title product.
Characterization of the product was in agreement with literature data.”” Characteristic
bandsinIR:2,912; 2,848; 1,821; 1,071; 1,784, 1,731; 1,212 cm'l(Figure S4b).
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5.4.2 Methods

Vesicle preparation. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids)
was stored as a 25 mg/mL stock solution in chloroform at -20°C. 1,2-Dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC, Avanti Polar Lipids) was stored as a 25 mg/mL stock
solution in chloroform at -20°C. Desired molar ratios of lipids and palmitoylated peptides
were mixed and dried under a flow of nitrogen in a glass vial, and subsequently placed
under vacuum for at least 1 hour. The resulting lipid film was re-suspended by vortexing in
MilliQ water to form multilamellar vesicles (MLVs) at 1 mg/mL at 60°C. The MLV solution
was extruded 11 times through a 100 nm polycarbonate membrane (Avanti Polar Lipids) at
60°C. The resulting large unilaminar vesicles (LUVs) were characterized by dynamic light
scattering (DLS, Nanotrac, Microtrac) and stored until use at 4°C for a maximum of two
weeks.

SLB formation. SLB formation was achieved by dilution of the LUV solution to 0.5 mg/mL
in phosphate-buffered saline (0.01 M PBS, Gibco, lacking MgCl, and CacCl,). Prior to LUV
incubation, the glass-bottom wells plates (Greiner) were flushed briefly with 1x PBS.
Afterwards the wells were incubated with the vesicle suspension for at least 30 min to
allow for vesicle adsorption and rupture to occur. Subsequently, the wells were washed
with DI and incubated overnight with 0.01 M PBS containing 100 U/mL Pen/Strep (Gibco).
Solution exchange occurred via serial dilution to minimize dehydration damage.

Primary human chondrocyte cell culture. Human primary chondrocytes of passage
number 2 were used for the cell experiments. Cells were harvested from knee joints
provided by the hospital ZGT Amelo after total knee replacement with agreement of the
local ethical committee. 5,000 ceIIs/cm2 were seeded on the SLBs. Cells were cultured in
DMEM (Gibco) supplemented with 0.2 mM ascorbic acid, 50 mg/mL ITS-premix, 100
mg/mL sodium pyruvate and Pen/Strep 100U and 100 mg/mL, respectively. Media was
added and exchanged via serial dilution to prevent dehydration damage to the SLBs.

KS483 mouse progenitor cell culture. Murine mesenchymal progenitor cells KS483 were
cultured in a-MEM without phenol red (Gibco) supplemented with 10% FCS (Greiner Bio
One), Pen/Strep and glutamax (Gibco). Cells of passage 2 were seeded at a density of ca.
10,000 cells/cm” in a-MEM without phenol red supplemented with 10% heat-inactivated
FCS, Pen/Strep and glutamax. Medium was refreshed every 3-4 days with 50 pg/mL
ascorbic acid (Merck) from day 4 and 5 mM B-glycerol phosphate (Sigma-Aldrich) from day
11 onwards for osteogenic cultures, while for adipogenic cultures the medium was
supplemented with 50 pg/mL ascorbic acid and 50 pM Indomethacin (Sigma-Aldrich).
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After 14 days the cell cultures were analysed. Media was added and exchanged via serial
dilution to prevent dehydration damage to the SLBs.

Cell analysis. For fluorescent labelling cells were fixed for 15 minutes in 10% formalin
solution (Sigma-Aldrich) and permeabilized for 4 minutes using PBS - 0.1% Triton X100.
DAPI (Invitrogen) and Phalloidin (Invitrogen) were used to visualize the nuclei and actin
cytoskeleton, respectively. Phalloidin (1:300 in PBS) was left to incubate for 20 minutes at
RT in the dark and counterstained with DAPI (1:100 in PBS) is added and left to incubate
for 10 minutes. After each step in the aforementioned procedure the cells were washed
with 1x PBS. Paxilin was stained with phos Pax-Y118 (Invitrogen). For live/dead analysis a
LIVE/DEAD® Viability kit (Invitrogen) was used according to manufacturer instruction.

Fluorescence microscopy. An Olympus inverted IX71 epi-fluorescence research
microscope with a Xenon X-cite 120PC as light source and a digital Olympus DR70 camera
for image acquisition was used to acquire fluorescence micrographs at 10x and 20x
magnification. DAPI was imaged using 325 < A, < 375 nm and A.,, > 420 nm, Paxillin was
imaged using 460 < A, £ 490 nm and A, > 525 nm and Phalloidin-alexa567 was imaged
using 510 < A, £ 550 nm and A.,, > 590 nm. ISO200 camera setting was used to record high
quality, low noise images and care was taken to ensure image acquisition was performed
in the linear response regime. High resolution imaging was performed with a Nikon Al
CSLM with an oil-immersion 100x objective.

Histological staining. For Oil Red O staining, cells were fixed in 10% formalin (Sigma-
Aldrich) for 15 minutes. Samples were washed in DI and incubated for 5 minutes in 60%
isopropanol in DI. Subsequently, filtered Oil Red O solution (Sigma-Aldrich, stock 500 mg in
99 mL isopropanol and 1 mL DI, working solution 42 mL stock + 28 mL DI) was added and
left to incubate for 5 minutes. Afterwards cells were rinsed extensively with DI. For ALP
staining, cells were fixed for 1 hour in 10% formalin and stained using the Alkaline
Phosphatase kit (Sigma-Aldrich) according to manufactures instructions. Oil Red O and ALP
were imaged with bright field microscopy. In both cases, DAPI was used to counterstain
the cell nucleus. ALP and Oil Red O was quantified with CellProfiler. ALP intensity was
normalized against DPPC-SLB and Qil Red O against DOPC-SLB.

Data analysis. Image analysis was performed using ImageJ (NIH), Origin (OriginLab) and
Excel (Microsoft). Cell shape analysis was performed with CellProfiler.”®

Statistics. 1-way Anova was used for hypotheses testing. Prior to Anova evaluation normal
distribution of the data sets was confirmed by performing the Shaphiro-Wilk test. Grubb’s
test was used to remove potential outliers and a Post-hoc Tukey’s test provided means
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comparison. Equal variance was confirmed by Levene’s test. Excel (Microsoft), SPSS (IBM)

and Origin (OriginLab) were used for the statistical analysis.
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5.6 Supporting Information

Actin, Phalloidin
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Figure S1: Chondrocytes cultured on liquid- and gel-state SLBs with a d-value of 5 nm of RGD;
human articular chondrocytes were cultured for 48 hours on liquid- and gel-state SLBs doped with

RGD (d-value of 5 nm). Bright field images are shown, cell viability was assessed with a live/dead
assay and fluorescence analysis of the cytoskeleton (F-actin) and nucleus was performed. Arrows
indicate cell clusters.
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Figure S2: Synthesis of palmitoylated RGD peptides; synthetic route for peptide palmitoylation (P =

protecting group).
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Figure S3: Analysis of palmitoylated peptides; a) ToF-ESI of mono-palmitoylated RGD, b) preparative

RP-HPLC chromatogram of mono-palmitoylated RGD and c) ToF-ESI mass of bi-palmitoylated RGD.
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Figure S4: NHS-palmitate synthesis; a) Synthetic route for NHS-palmitate b) FTIR-ATR spectra of
recrystallized NHS-palmitate (grey) and palmitic acid (black).
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Chapter 6

Biomaterial-supported lipid bilayer as a tuneable cell
surface’

The field of Tissue Engineering aims at repairing damaged and/or diseased tissue to
reconstitute tissue functionality. Polymeric biomaterials used for these purposes have been
selected for their biocompatibility and relative inertness in vivo. Although these materials
are well suited to provide mechanical support to the tissue formation process, they
insufficiently provoke specific biological actions from the host and are susceptible to bio-
fouling, which undermines the tissue formation process. In the present work, supported
lipid bilayers (SLBs) are proposed as a means to prevent fouling of biomaterial surfaces
and, upon introduction of ligands, to specifically address and steer cells. Our biomaterial
supported lipid bilayer (BSLB) relies on universal cholesterol-modification process of
biomaterial surfaces for the formation of air-stable SLBs. To this end, the synthesis of a
cholesterol linker and the subsequent plasma preconditioning, to allow for cholesterol
modification of, various biopolymers is described. BSLBs prepared on cholesterol-modified
polycaprolactone (PCL) were shown to be highly non-fouling and could be prepared in 3D.
The influence of lateral mobility of a cell adhesive RGD ligand allowed us to steer
mesenchymal stem cell differentiation to adipogenic and osteogenic lineages. The results
presented in this Chapter suggest full mechanical and biological decoupling of the cell
response from the underlying support.

*Manuscript in preparation: J. van Weerd, M. Karperien and P. Jonkheijm




Biomaterial-supported lipid bilayer as a tuneable cell surface

6.1 Introduction

In Tissue Engineering the use of biomaterial scaffolds are investigated as templates and
supports for tissue formation in vitro and in vivo. Although a relatively new field, examples
of reconstituting tissue functionality can be traced back to 2,500 years BC where ox bones
were first used as tooth replacements. Although numerous routes for tissue regeneration
are currently being studied, a general consensus is the use of inert biomaterials scaffolds.
In this case, inertness relates to the biocompatibility of a material e.g. limited
immunological responses as well as no apparent cytotoxicity. However, inducing tissue
formation and steering cell fate has proven to be a major hurdle caused by a lack of
specific biological triggers and the occurrence of non-specific interaction with cells and
tissue. In vivo, cellular responses are influenced by a wealth of factors such as the
extracellular matrix (ECM), mobile or immobile signalling molecules, cell-cell interaction as
well as physical factors in the cell’s microenvironment." The plethora of cell interactions
affect three biological outcomes, namely tissue formation, tissue homeostasis and tissue
regeneration.” Insights into stem cell behaviour highlight key features that need to be
taken into consideration when addressing cell fate, that are often inadequate in these
artificial systems. Besides the use of ligands, e.g. growth factors, ECM components or
peptides, research has shown the importance of the mobility and flexibility of ECM protein
chains with which cells interact.>® This phenomenon, often attributed to stiffness
variations in the cell’s environment, has been shown to impact mesenchymal stem cell
(MSC) differentiation.” In addition, varying only the spacing of ECM epitopes such as the
RGD motif influenced MSC focal adhesion formation as well as adipogenic and osteogenic
behaviour, in accordance with results described in Chapter 5.8

Accounting for all the physiochemical cues present in nature within an artificial system is
daunting. Hence, research has often focused on providing cells with a subset of cues
sufficient to elicit a certain response. In Tissue Engineering for example, biomaterial
scaffolds are designed such that the host serves as a bioreactor for self-repair.”*® Since the
cell substrate often perturbs the desired cell response, researchers have suggested
materials that enable decoupling of the bulk properties from the local cell
microenvironment.™ Doing so requires cell cues to be presented on a non-fouling
background thereby minimizing non-specific cell responses encountered in in vitro cell
culture and upon implantation.12 Non-fouling properties are essential since protein
adsorption occurs rapidly in a protein-rich environment. Fouling is sometimes exploited to
enable cell attachment as a result of protein pre-adsorption, however in vivo the protein
ad-layer is known to trigger the immune system and affect the wound healing process.”
Material modification with, for example, poly(ethylene oxide) has been used and studied
extensively as a way to supress non-specific protein adsorption.’* However, the lack of

instructive cues in such systems prevents cell adhesion. In one study this has been tackled
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by introducing cell adhesive peptides onto the poly(ethylene oxide) layer. This strategy
allows for the preparation of non-fouling electrospun biomimetic fibres able to specifically
bind cells.”® Hence there is a clear need for an bio-active biomaterial cell interface that is
non-fouling and is able to present biological triggers. Since cell-material interactions are
mediated by the cell membrane,” a mimetic membrane coating was envisioned to steer
cell fate. The development of such a mimetic membrane coating will be described in
greater detail.

In this Chapter, we propose a mild and universal strategy to render the surface of any
biomaterial non-fouling while providing a high degree of modularity towards tweaking the
bioactivity of the surface of the biomaterial. Our strategy is based on the use of supported
lipid bilayers (SLBs) that are widely recognized as suitable in vitro cell membrane models
for cell-cell interactions and cell-ECM interactions (Chapter 1), however up to now SLBs
have not been explored as a surface modification strategy for biomaterials. The limited
stability of traditional SLBs in air hampers their use and must be resolved when
considering an in vivo application. Once addressed, the hydrated phosphocholine head-
group of natural lipids that are employed to generate SLBs provide the desired non-fouling
properties while ligands can be conveniently tethered to SLBs to render them suitable for
cell-adhesion. Another unique feature of SLBs is the modularity of the lateral mobility of
the lipids and tethered components by careful variations in the alkyl chain length and their
degree of saturation and branching. This has been shown to impact matrix deposition of
murine preosteoblastic cells and cytoskeletal organization in human chondrocytes
(Chapter 5).

6.2 Results and Discussion

An overview of our proposed strategy to modify biomaterials with SLBs is given in Figure
6.1 and takes into consideration a way to improve the air-stability of SLBs. A cholesterol
linker was covalently attached to the surface of the biomaterial to tightly knit the lipid
bilayer to the biomaterial surface as above a certain density of cholesteryl groups on glass,
1:6 ratio of cholesteryl to lipids, air-stable bilayers were reported that remained fluidic
even after several dehydration cycles.16 Adopting this approach, the fluidity of both the
top and the bottom leaflets can be ensured while not affecting the non-fouling behaviour
of the lipid bilayer.
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Figure 6.1: overview of the proposed material modification

6.2.1 Biomaterial activation

We sought a method that only temporarily introduces functional groups to the outer few
nanometers of the biomaterial irrespective of the type of the biopolymer. Restricted
modification to only the outer surface is required to retain the bulk polymer properties
such as degradation and the mechanical properties, which are strictly required for device
performance. Modifying the surface only to present functional groups having a restricted
life time is desirable to minimize unwanted side-effects of unconverted functional groups.
Therefore, we have selected oxygen plasma (OP) treatment which is known to only alter
the surface of biopolymers. In addition, by carefully tuning the OP treatment the
formation of carboxylic acid groups can be avoided and mostly aldehyde groups can be
introduced.”” Aldehydes do not need another chemical activation step in contrast with
acid groups,18 but readily react with amines yielding imines that subsequently can be
reduced to hydrolytically stable secondary amines.” Unreacted aldehydes will be reduced
to bio-inert hydroxyl groups in contrast to unconverted chemically activated acid groups
that remain prone to react. Brief OP treatment (10 seconds at 40 watts, 200 mTorr)
proved effective in generating reactive aldehydes on the different biopolymers such as
polycaprolactone (PCL, Figure 6.2), a segmented block copolymer of poly(ethylene oxide
terephthalate)/poly(butylene terephtalate) in 1000/70/30 PEOT/PBT ratio (PEOT-PBT,
Figure S1) and a block copolymer of polylactic acid and PCL in 65/35 ratio (PLA-PCL, Figure
S2). In all cases, a colorimetric assay against aldehydes was positive after the OP
treatment (Figures 6.2a, Sla and S2a), while X-Ray photoelectron spectroscopy (XPS)
spectra showed an increased intensity of oxygen containing groups such as carbonyls i.e.
0-C=0 and —-C=0 (Figures 6.2b-d, S1lb-d and S2b-d). By exploiting the differences in
sampling depth of two IR techniques, FT-IR ATR and PM-IRRAS, surface confinement of the
modification was evaluated. In the case of FT-IR-ATR this is ca. 5 um for the ATR diamond
crystal and several nanometers for PM-IRRAS. After OP treatment, the PM-IRRAS spectra
(Figures 6.2e, Sle and S2e) revealed a shoulder in the carbonyl region (ca. 1,750 cm™)
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Figure 6.2: Generating aldehyde groups on PCL by an OP treatment; a) results of Purpald reaction to
stain aldehydes at the surface of the OP treated polymer samples. The atomic composition given in
b) was determined by XPS, mean  SD (n = 5). XPS spectra of c¢) Cls and O1s of the native PCL and d)
OP treated PCL. IR-spectra obtained with e) PM-IRRAS and f) FTIR-ATR of native (Black) and OP
treated (Grey) PCL samples. Arrow indicates shoulder in the carbonyl region.
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which was not detected in the ATR spectra (Figure 6.2f, S1f and S2f). Furthermore,
comparison of the PM-IRRAS spectra before and after reduction of OP treated samples
confirmed the presence of aldehyde groups on the polymer surface. This is indicated by
the disappearance of the shoulder in the carbonyl region after reduction of OP treated
samples (Figure S3). Taken together, these comparative IR studies confirmed the surface
confinement of the modification of the biomaterials using an OP treatment.

To demonstrate the reactivity of the aldehyde groups generated using an OP treatment,
reactive micro contact printing of a fluorescent dye bearing a free amine was performed
on the aldehyde-modified biopolymers. The resulting prints were investigated using epi-
fluoresence microscopy. On all OP treated biopolymer samples the fluorescent patterns
remained visible after stringent washings (Figures 6.3 and S4) while without such an OP
treatment the printed rhodamine patterns were washed away in methanol in a 5 minute
sonication step. These results confirm the immediate reactivity of aldehyde-functionalized
polymers with amine-bearing molecules in agreement with previous research that

reported the formation of imines via reactive micro contact printing of lissamine
20

rhodamine B ethylenediamine on aldehyde self-assembled monolayers(SAMs)

Figure 6.3: Micro-contact printing of rhodamine B ethylenediamine on OP treated PCL samples; OP

treated PCL samples a) directly after printing or b) following an extensive washing step in methanol.
Inset shows native PCL (non-OP treated PCL) directly after printing, here no patterns was visible
after washing. Scale bar 400 um.

6.2.2 Biomaterial SLB formation

To surface-tether the lipid bilayer, a cholesterol was functionalized with a hydrophilic
amino triethylene glycol spacer and used to react with the aldehyde-modified polymeric
surfaces (Figure 6.4a). A description of the synthesis, purification and characterization can
be found in the experimental section. The reaction between the cholesterol linker and
aldehyde-modified PCL, PEOT-PBT and PLA-PCL polymers was monitored by measuring the
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change in water contact angle (Figure S5). In general, the water contact angle
measurements showed that after OP treatment the samples became more hydrophilic
while a more hydrophobic surface was observed after coupling of the hydrophobic
cholesterol linker. During these experiments, all samples were measured at the same
interval after OP treatment, ensuring hydrophobic recovery affected the samples equally.
Subsequent reduction facilitated stable bond formation and the conversion of unreacted
aldehyde to hydroxyl groups. In this case no effect of reduction on water contact angle
was observed, Figure 6.4b. The presence of the cholesterol linker on PCL was confirmed by
using time-of-flight secondary ion mass spectrometry (ToF-SIMS), see Figure 6.4c. The
molecular ion peak and mass abducts of the linker could be found on PCL-modified
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Figure 6.4: Fabrication of cholesterol-modified biopolymers; a) coupling scheme of the cholesterol

linker to aldehyde groups on biopolymers introduced with OP treatment. Analysis of modified PCL is
shown, namely b) the sensile water contact angle observed during PCL modification, and c) ToF-
SIMS analysis. [M+H]", [M+Na]® and a m/z 369 mass abduct of the cholesterol linker were detected
on cholesterol-modified PCL. Data presented as mean + SD (n = 3), Student T-test ** p < 0.01.
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The next step involves the formation of an SLB on the cholesterol-modified polymer
surfaces. Although SLBs can be prepared via the Langmuir-Blodgett method, vesicle fusion
or a combination of both techniques,21 vesicle fusion allows for easy scaling to the sample
size and shape. Large unilaminar vesicles (LUVs) of 100 nm consisting of neutral,
zwitterionic DOPC or DPPC lipids were used to prepare a lipid bilayer on the cholesterol-
modified PCL that we abbreviated as biomaterial supported lipid bilayers (BSLBs). Under
hypertonic conditions for the LUVs in 1x PBS (phosphate buffered saline, lacking MgCl,
and CaCl,) BSLBs formed readily (in ca. 30 minutes) on both OP treated and cholesterol-
modified PCL samples. After formation of a bilayer on PCL, the BSLB was inspected by
force spectroscopy (Figure 6.5a-b). Both DOPC (Figure 6.5a) and DPPC-based (Figure 6.5b)
BSLBs had thicknesses corresponding to a lipid bilayer, 4.1 and 4.8 nm respectively.””

To promote vesicle rupture a freezing cycle was introduced after vesicle adsorption to the
cholesterol-modified polymer,”® however fluorescence recovery after photobleaching
(FRAP) experiments showed similar results. The D-values estimated from FRAP
measurements were found to decline from 1.0 + 0.2 to 0.55 * 0.04 umz/s for the mobile
BSLBs depending on the reaction time between the amino-functionalized cholesterol and
the aldehyde-functionalized polymer film indicating that the surface coverage of
cholesterol plays a role in the mobility of molecules in the bilayer (Figure 6.5c). In all cases,
the mobile fraction was however over 90% indicating that both leaflets are mobile. Most
likely, the SLB on the cholesterol-modified PCL conforms better with the surface than non-
cholesterol OP treated samples guided by incorporation of cholesterol anchors in the
bilayer during the SLB formation. Due to the inherent roughness of the solvent-cast films,
the apparent D-value will then be reduced, since calculation of D-values assumes a 2D flat
film.* The non-fouling nature of BSLBs was confirmed by an significant reduction in
protein adsorption of >99% compared to that for native PCL e.g. 0.27 + 0.08 ng BSA/cm”.
When the samples had been allowed to react for 1 hour with the cholesterol linker,
dehydration of the samples did not impair the non-fouling behaviour, confirming sufficient
air stability of the BSLBs (Figure 6.5d). In addition, the BSLBs still displayed long-range lipid
mobility after dehydration (Figure S6). The same procedure to form SLBs on 2D solvent
cast polymer sheets was also applied on commercially available 3D PCL scaffolds in order
to assess the bilayer formation on more complicated shapes. The lipid bilayer on the 3D
scaffold was analysed using two-photon fluorescence microscopy (Figure S7).
Fluorescence of the 0.2 mol% OG-DHPE doped BSLB was detected on the PCL fibres deep
within the scaffold (Figure 6.5e) and showed a uniform fluorescence. FRAP measurements
on one of the PCL fibres of the construct showed that the fluorescence recovers with
characteristic D-values equal to the ones estimated for 2D sheets. Although the BSLB
appears uniform and intact, the presence of micro- or nanoscopic defects in the layer can
not be excluded.
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Figure 6.5: Biomaterial SLB characterization; examples of force spectroscopy curve obtained of a)
liquid- and b) gel-state BSLBs. The approach (red) and retract (black) curves are given. The
breakthrough event is shown in the insets and the mean breakthrough distance is presented as
mean  SD (n > 10). c) Effect of cholesterol linker incubation on D-value. Data is presented as mean +
SD (n > 2). d) BSA adsorption is presented as mean + SD. Student T test, p < 0.05 (n = 3). e) Example
of a liquid-state BSLB prepared on a 3D PCL scaffold. The SLB was doped with 0.2 mol% of OG-DHPE.
A FRAP recovery curve, fluorescence micrographs and electron microscopy image of the 3D PCL

scaffold is presented.
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6.2.3 Mesenchymal stem cell culture on BSLBs

Our BSLB provides a cell interface that shows little to no protein adsorption. As a
consequence, cell fate would predominantly be guided by the insertion of bioactive
ligands into the lipid bilayer on the biopolymer and their lateral mobility. The importance
of the mobility of SLB-associated E-cadherin ligands had decisive effects on cell spreading
and actin fibre arrangement as was previously observed in the case of chinese hamster
ovary cells (CHO) cultured on mobile DOPC and immobile MPPC SLBs.” Similarly, in
Chapter 5 we have shown that the lateral mobility of cell adhesive sites affects
cytoskeletal organization in human chondrocytes and the extent of matrix deposition of
murine preosteoblastic cells cultured on SLBs. To bio-activate the BSLB, palmitoylated RGD
peptides were synthesized and after purification included in LUVs for preparation of BSLBs
(for details regarding the synthesis and purification consult Chapter 5). Such fibronectin-
derived RGD peptides were used to promote cell adhesion to the otherwise non-fouling
BSLBs.”® These palmitoylated RGD peptides were embedded in either mobile (liquid-state
DOPC) or immobile (gel-state DPPC) BSLBs to study the influence of peptide lateral
mobility on MSC differentiation. MSCs can be obtained from bone marrow aspirates and
have the potential to differentiate into bone (osteogenesis), cartilage (chondrogenesis)
and fat (adipogenesis) tissue, and therefore have been invaluable for tissue regeneration
strategies as a cell source.” In this study, immortalized MSCs (iMSCs) were used. These
iMSCs were generated from stably transfected human MSCs with the gene for the
catalytic subunit for human telomerase. The iMSCs do not show senescence-associated
proliferation arrest and retain MSC differentiation potential.”® Initial iMSC adhesion was
studied after 2 hours of cell seeding in the presence of serum (Figure 6.6). As expected, on
both mobile and immobile BSLBs a reduced cell adhesion was observed on the recorded
fluorescent micrographs after staining for actin filaments. An average ten-fold reduction in
cell count was observed when compared to the cholesterol-modified PCL polymer (Figure
6.6b). Occasionally, cells do adhere and spread, which may be related to defects in the
BSLB surface that presumably is the underlying PCL linker surface. Following introduction
of palmitoylated RGD peptides to the BSLBs, the cell count increased for both mobile and
immobile BSLBs by an average of ca 26-fold when compared to the bare BSLBs while a ca.
three-fold increase was observed when compared to that for the cholesterol-modified PCL
samples (Figure 6.6a-b). In the case of culturing iMSCs for only 2 hours on immobile RGD
modified BSLBs, a significant increase in cell area of ca. 300 pm’ was noted when
compared to their mobile counterparts (Figure 6.6a-b). From the analysis of the cell shape
features (Figure 6.6c), a more elongated cell morphology, as indicated by the form factor,
is evident on BSLBs that display the palmitoylated RGD peptides. This effect was most
pronounced on immobile BSLBs, 0.72 + 0.01 vs. 0.59 * 0.01, which is indicative of
variations in the traction forces the cells were able to exert on the different BSLBs.
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Figure 6.6: iMSC initial cell adhesion on BSLBs; PCL samples modified with liquid- and gel-state BSLBs
for the mobile or immobile presentation of RGD or control RGE palmitoylated peptides. Samples
were stained with DAPI (Blue) and phalloidin-AF488 (Green) for nucleus and cytoskeleton,
respectively. a) Fluorescent micrographs of iMSCs cultured for 2 hours on BSLBs (inset shows low
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magnification overview) and quantification of b) cells per mm?, c) cell area, d) form factor (4*m*cell
area/perimeterz) and e) cell perimeter. Data presented as mean * SD, and compared using 1-way
Anova, * p < 0.05 ** and p < 0.01. Scale bar 200 um.

A recent study confirmed the absence of traction forces when cells were cultured on
mobile SLBs decorated with RGD peptides.29 With respect to MSCs, it has been suggested
that cell-generated traction forces are heavily involved in detecting biophysical cues and in
inducing subsequent differentiation pathways.”® To find whether differences in lateral
mobility between mobile and immobile RGD-modified BSLBs would translate into
preferential differentiation towards a certain cell lineage, iMSC differentiation was
investigated (Figure 6.7). To this end, the iMSC cell culture media was exchanged after 2
hours for a double-induction media for adipo- and osteogenesis.5 After 1 week of iIMSC
culture under double-induction conditions, surface mitigated preferential differentiation
was observed. To gain insights into the integrity of the BSLB layer during the entire cell
culture period, the FRAP properties of a dye labelled SLB on a glass surface (Figure S8)
were studied, while direct observation using fluorescence microscopy of the BSLB on PCL
during cell culture was inaccessible due to the opaqueness of PCL sheets. From the
fluorescence recovery D-values were estimated over the course of 1 week and remained
similar for 3 days of cell culture in fully supplement cell culture media. Beyond this day the
BSLB seems to have lost much of its integrity, nonetheless and much to our surprise,
mobile BSLBs that display palmitoylated RGD peptides significantly drive iMSCs towards
the adipogenic lineage as indicated by elevated Qil Red O levels, whereas on the immobile
BSLB showed differentiation into osteogenic lineage as indicated by elevated alkaline
phosphatase levels. In both cases, a ca. two-fold increase in induction was observed when
compared to the underlying cholesterol-modified PCL (Figure 6.7a). A qualitative
assessment by means of histological stainings supports our findings (Figure 6.8b). The
remarkable observation of BSLB surface mitigated preferential differentiation is in
agreement with reports that show promoted osteogenesis occurring on stiff surfaces,
while up-regulation of the adipogenic marker Oil Red O can occur on soft substrates due

#3931 A recent study proposed that MSCs

to decreased traction force generation.
assemble their fibronectin environment within the first 24 hours and encode their physical
environment by a strain of fibronectin ECM fibrils, which they self-adjust by their own
traction forces, thereby highlighting the importance of guiding the initial cell-interface
interaction.*” Our findings suggest a strong effect of ligand mobility in cell physiology and
that the integrity of the BSLB is sufficiently long for this guiding process. Groves and co-
workers also showed a strong involvement of the gel state and reported that the EphA2
receptor, a part of juxtacrine signalling, and spatial organization is strongly dependent on
the gel state of the SLB onto which cells are grown that express the EphA2 receptor

tyrosine kinase.® The findings presented in this study support the proposition that the
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mechanical and biological properties of the underlying BSLB support is less involved in cell
fate decision then in traditional material coatings.
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Figure 6.7: Effect of RGD lateral mobility on MSC differention on BSLBs; hMSC cell culture after 1
week in double induction media i.e. osteo- and adipogenic. a) Quantified Oil Red O and ALP in cell

lysates. Data presented as mean + SD (n > 3). 2-way Anova showed significant differences between
mobile and immobile BSLB, p < 0.05. b) Example of a processed histological staining of ALP and Oil
Red O on mobile and immobile BSLBs. Nuclei (DAPI, Blue) ALP (Green) and Oil Red O (Red), scale bar
200 pm.

6.3 Conclusions

Our membrane mimetic coating strategy provides a versatile means to fine-tune the
cellular interface on surfaces of any biopolymer. Besides the ease with which the ligand
density and the type of ligand can be altered, traction forces as determined by ligand
lateral mobility can be manipulated. The latter has been shown to influence stem cell
behaviour similar that was observed previously by Disscher and Huck and co-workers
upon varying substrate stiffness and ECM protein flexibility, respectively. Moreover, the
non-fouling nature of the BSLB coating and the use of known, highly biocompatible lipids
prevents undesirable cellular responses from occurring. The use of biomimetic SLB
coatings for biomaterials suggests both full mechanical and full biological decoupling of
bulk material properties from cell fate. The proposed surface modification strategy can be
executed on virtually any polymeric support that is currently applied in the clinic and
therefor our coating strategy is of paramount biomedical importance as universal coating
strategy prevents individual chemical tailoring of each and every polymer surface.
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6.5 Experimental section

6.5.1 Materials

All starting materials and chemicals were purchased from Sigma-Aldrich, Fluka, Serva,
Avanti Polar Lipids, Invitrogen, ABCR, Ssens, Gibco, Lonza, Roche and they were used as
received, unless otherwise stated. MilliQ water with a resistivity higher than 18 MQ cm™
was used in all experiments.

Cholesterol linker. Synthesizes was based on literature and used with modification, see
Figure $9.>* In short, to a stirred solution of 1.0 equivalents i (n-Boc- 2,2'-
[ethylenedioxy]ldiethylamine, Sigma-Aldrich) and 1.1 equivalents ii (cholesteryl
chloroformate, Sigma-Aldrich) in anhydrous toluene (25 mL), 1.5 equivalents of DIPEA
(diisopropylethylamine, Sigma-Aldrich) and a catalytic amount of DMAP (4-
Dimethylaminopyridine, Sigma-Aldrich) were added. The reaction mixture (~15 mmol
scale) was refluxed under argon atmosphere for 17 hours. Subsequently, the solvent was
removed under reduced pressure to obtain an oily residue. Flash column chromatography
was performed using 40% ethyl acetate + 60% hexane as eluent (R; = 0.22). The solvent
was removed under reduced pressure and the product iii was found to be an off white
sticky residue. Product iii was dissolved in DCM (dichloromethane) and added in a drop-
wise manner to a stirred solution of 4 equivalents of TFA (trifluoroacetic acid) in DCM.
Deprotection was left for 23 hours at room temperature (RT) under continuous stirring.
Deprotection was monitored by TLC. Solvent was removed under reduced pressure and
the residue was dissolved in DCM and neutralized with TEA (triethylamine). Flash column
chromatography was performed using 1% NH; (aq) solution (25% NH; in water), 9% MeOH
and 90% chloroform (R frac13-16 = 0.38, Rifrac17-35 = 0.24). After solvent removal a yellowish
sticky residue was obtained (76% vyield). The purified product was stored at -20°C until
further use and will be referred to as ‘cholesterol linker’. See Figure S10 for ESI-ToF
(Waters) and *H NMR (Varian Unity INOVA, 300 MHz) analysis.

Palmitoylated RGD. Palmitoylated peptides were synthesized as described in Chapter 5.
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6.5.2 Methods

PCL sample preparation. (Bio) polymer samples were prepared by means of spin-coating
or solvent-casting from chloroform. Spin-coated PCL samples were prepared on either
glass substrates (Menzel-glaser) or gold-coated glass disks (20 nm Au on glass, Ssens). A
0.25 wt% PCL (Mn 45 kDa, Sigma-Aldrich) chloroform solution was used for spin-coating
the various substrates. Here, an initial ramp at 500 rpm for 3 seconds was followed by a 30
seconds ramp at 4,000 rpm.

In addition to spin-coated samples, solvent-cast PCL films were prepared.”® In short,
granules (~2 grams) of the polymer were dissolved in 40 mL chloroform and cast into a
large glass petri dish (@ 14.5 mm) that was silanized with a PFDTS anti-sticking layer
(1H,1H,2H,2H-Perfluorodecyltrichlorosilane, 297%, ABCR GmbH) deposited from the gas
hase o/n. Here, 50 pL of PFDTS and the petri dish were placed in a desiccator and pumped
down for 10 minutes. The PFDTS modified petri dish was washed with acetone before use.
After adding the dissolved PCL polymer in chloroform, the petri dish lid was placed back
allowing for slow evaporation of the solvent (~48 hours). After the solvent had
evaporated, the samples were annealed above the melting temperature to yield a smooth
polymer surface at the glass interface. All of the subsequent modifications and analysis
were performed on the glass side of PCL solvent-cast films.

Surface activation. The plasma treatment step was performed using 40 watts of power at
200 mtorr of vacuum pressure (Plasma Prep Il, SPI supplies). Care was taken to use the
samples immediately after OP treatment.

Cholesterol linker coupling. OP treated PCL samples were incubated in a 1 mM ethanolic
cholesterol linker solution reduced afterwards in a freshly made 53 mM NaBH, (Sigma -
Aldrich) solution. Until use the samples were stored at room temperature under nitrogen
atmosphere.

PCL surface characterization. The PCL samples were studied using a wide range of surface
analysis tools. Water contact angle (Kriss), X-ray photoelectron spectroscopy (Quantera
SXM scanning XPS microprobe, Physical Electronics), IR spectroscopy (ATR and PM-IRRAS,
Thermo Scientific), Atomic force microscopy (Ntegra Spectra, NT-MDT). CARS and Two-
photon experiments were conducted on a ‘In-house-build’ set-up courtesy of the Optical
sciences group University of Twente

Vesicle preparation. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids)
was stored as a 25 mg/mL stock solution in chloroform at -20°C. 1,2-Dipalmitoyl-sn-
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glycero-3-phosphocholine (DPPC, Avanti Polar Lipids) was stored as a 25 mg/mL stock
solution in chloroform at -20°C. For fluorescent of the lipid bilayers either Oregon Green
or Texas Red-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, (OG-DHPE or TR-
DHPE, Invitrogen), 1 mg/mL stock solutions in methanol at -20°C, were used. Desired
molar ratios of lipids and palmitoylated peptides were mixed and dried under a flow of
nitrogen in a glass vial, and subsequently placed under vacuum for at least 1 hour. The
resulting lipid film was re-suspended by vortexing in MilliQ water to form multilamellar
vesicles (MLVs) at 1 mg/mL at 60°C. The MLV solution was extruded 11 times through a
100 nm polycarbonate membrane (Avanti Polar Lipids) at 60°C. The resulting large
unilaminar vesicles (LUVs) were characterized by dynamic light scattering (DLS, Nanotrac,
Microtrac) and stored until use at 4°C for a maximum of two weeks.

BSLB formation. Biomaterial supported lipid bilayer (BSLB) formation was achieved by
dilution of the LUV solution to 0.5 mg/mL in phosphate-buffered saline (0.01 M PBS,
Gibco, lacking MgCl, and CaCl,). Prior to LUV incubation, the PCL samples (Greiner) were
flushed briefly with 0.01 M PBS. Afterwards the samples were incubated with the vesicle
suspension for at least 30 minutes to allow for vesicle adsorption and rupture to occur. In
addition, the samples were frozen to ensure maximum vesicle rupture.”’ Afterwards the
samples were washed with DI. For cell culture experiments, the samples were incubated
overnight with 0.01 M PBS containing 100 U/mL Pen/Strep (Gibco). Solution exchange
occurred via serial dilution to minimize dehydration damage.

Protein fouling. Fluorescently labelled BSA was prepared and used to quantify amount of
protein adsorbed to the sample surface.” Briefly, NHS activated Dylight-488 was
incubated with BSA and purified using spin columns following the protocol provided by
the manufacturer (Thermo Scientific). The BSLB modified samples were incubated with 50
pg/mL BSA conjugates in PBS for 20 minutes. Subsequent washings using PBS ensured
loosely bound protein to be removed. Adsorbed protein was desorbed in SDS solution for
1 hour at r.t. and quantified using a plate reader (Victor, Perkin-Elmer) and a standard
curve. In the case of the dehydrated BSLB the buffer was removed and the surface was
exposed to air. Subsequently, PBS buffer was added to rehydrate the BSLB samples.

Cell culture sample preparation. Circular polymer samples were punched out of a
cholesterol linker modified PCL polymer sheets (as described before) of 6 mm in diameter.
These samples were placed in a 96 well plate and fixed using cut Eppendorf P1000 tips,
see Figure S11. Solution exchange occurred via serial dilution to minimize BLSB damage.

Cell culture. For iMSC proliferation, cells were cultured to ~90% confluence in basal media
[a-MEM (Gibco), 10% FBS (Lonza), 2 mM L-glutamin (Gibco), 0.2 mM ascorbic acid (Sigma-
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Aldrich), 100U/mL Pen/Strep (Gibco)] supplemented with 1 ng/mL bFGF (Instruchemie).
Double induction media consisted of one part osteogenic media [a-MEM (Gibco), 10% FBS
(Lonza), 2 mM L-glutamin (Gibco), 0.2 mM ascorbic acid (Sigma-Aldrich), Pen/Strep
(Gibco), 10® M dexamethasone (Sigma-Aldrich)] and one part adipogenic media [DMEM
(Gibco), 100 U/mL Pen/Strep (Gibco), 10% FBS (Lonza), 0.2 mM Indomethacin (Sigma-
Aldrich), 10° M dexamethasone (Sigma-Aldrich), 10 mg/mL Human insulin (Sigma-
Aldrich)]. Cells were seeded at a density of 2,500 cell/cm® and for the differentiation
experiments at 25,000 ceIIs/cmZ.

Cell analysis. For fluorescent labelling cell were fixed for 15 minutes in 10% formalin
solution (Sigma-Aldrich) and permeabilized for 4 minutes using PBS-0.1% Triton X100.
DAPI (Invitrogen) and Phalloidin-alexa488 (Invitrogen) were used to visualize the nuclei
and actin cytoskeleton, respectively. Phalloidin-alexa4d88 was left to incubate for 20
minutes at room temperature. in the dark and counterstained with DAPI (1:100 in PBS) is
added and left to incubate for 10 minutes. After each step in the mentioned procedure
the cells were washed with PBS. Due to the crystalline nature of PCL, samples were
carefully removed from the well plate and imaged upside down.

ALP and Oil Red O quantification. ALP was quantified using CDPstar (Roche). CyQuant
(Invitrogen) was used according to manufactures instructions to determine DNA content
to correct for cell count. Part of the cell lysate was added to CDPstar and left in the dark
for 30 minutes at room temperature. CyQuant fluorescence was measured at emission
500 nm / excitation 480 nm and CDPstar luminescence was measured (Victor, Perkin-
Elmer). In the case of Oil Red O, cells were fixed in 10% formalin (Sigma-Aldrich) for 15
minutes. Samples were washed in dH,0 and incubated for 5 minutes in 60% isopropanol in
dH,0. Subsequently, filtered Qil Red O solution (Sigma-Aldrich, stock 500 mg in 99 mL
isopropanol and 1 mL dH,0, working solution 42 mL stock + 28 mL dH,0) was added and
left to incubate for 5 minutes. After rinsing the samples extensively with dH,0, Oil Red O
was quantified by lysing the cells in 4% Ipagal (Sigma-Aldrich) in isopropanol for 15
minutes while shaking. Absorbance was measured using a microplate reader at 540 nm
(Bio-TEK Instruments).

Histological staining. For Oil Red O staining, cells were fixed in 10% formalin (Sigma-
Aldrich) for 15 minutes. Samples were washed in DI and incubated for 5 minutes in 60%
isopropanol in DI. Subsequently, filtered Oil Red O solution (Sigma-Aldrich, stock 500 mg in
99 mL isopropanol and 1 mL DI, working solution 42 mL stock + 28 mL DI) was added and
left to incubate for 5 minutes. Afterwards cells were rinsed extensively with DI. For ALP
staining, cells were fixed for 1 hour in 10% formalin and stained using the Alkaline
Phosphatase kit (Sigma-Aldrich) according to manufactures instructions. Oil Red O and ALP
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were imaged with bright field microscopy. In both cases, DAPI was used to counterstain
the cell nucleus. Image analysis with Imagel) and CellProfiler allowed us to extract the ALP
and Oil Red O signal reliably in some cases.

Fluorescence microscopy. An Olympus inverted IX71 epi-fluorescence research
microscope with a Xenon X-cite 120PC as light source and a digital Olympus DR70 camera
for image acquisition was used to acquire fluorescence micrographs at 10x and 20x
magnification. DAPI was imaged using 325 < A, £ 375 nm and A, > 420 nm; OG-DHPE
Phalloidin-alexa488 were imaged using 460 < A, £ 490 nm and A¢, > 525 nm; TR-DHPE was
imaged using 510 < A, < 550 nm and A, > 590 nm. Confocal scanning laser microscopy
images were acquired with a Nikon Al. FRAP data was obtained using a 20x objective.

Data analysis. Image analysis was performed using ImageJ (NIH), Origin (OriginLab) and
Excel (Microsoft). Cell shape analysis was performed with CellProfiler’®. The diffusion
coefficient was deduced using modified Bessel functions as described by Soumpasis et al.
1983.* Data was corrected for bleaching during image acquisition and normalized and
processed with FRAPAnalyser (University of Luxembourg).

Statistics. Student T-test and Anova were used for hypotheses testing. Prior to Anova
evaluation normal distribution of the data sets was confirmed by performing the
Shaphiro-Wilk test. Grubb’s test was used to remove potential outliers and a Post-hoc
Tukey’s test provided means comparison. Equal variance was confirmed by Levene’s test.
Excel (Microsoft), SPSS (IBM) and Origin (OriginLab) were used for statistical analysis
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6.7 Supporting information
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Figure S1: Generating aldehyde groups on PEOT-PBT by an OP treatment; a) results of Purpald
reaction to stain aldehydes at the surface of the OP treated polymer samples. The atomic
composition given in b) was determined by XPS, mean * SD (n = 5). XPS spectra of ¢) C1s and O1s of
the native PEOT-PBT and d) OP treated PEOT-PBT. IR-spectra obtained with e) PM-IRRAS and f) FTIR-
ATR of native (Black) and OP treated (Grey) PEOT-PBT samples. Arrow indicates shoulder in the
carbonyl region.

150



Chapter 6

a)
Native 67.2+ 0.3 32.8+0.3
c) OP treated  56.7%7.5 43.3+7.5
6.04
<
g 3.04
0.0
292 288 284 280 536 532 528
d) Binding energy (eV) Binding energy (eV)
6.04 8.04
w d
~ ~
g 3.0 g 404
0.0+ 0.0 4
T T T T T T T
292 288 284 280 536 532 528
e) Binding energy (eV) f) Binding energy (eV)
1,800 1,500 1,800 1,500
L] L Ll L] L] L] L] L]
2,500 2,000 1,500 1,000 2,500 2,000 1,500 1,000
-1
Wavenumber (cm™?) Wavenumber (cm-)

Figure S2: Generating aldehyde groups on PLA-PCL by an OP treatment; a) results of Purpald
reaction to stain aldehydes at the surface of the OP treated polymer samples. The atomic
composition given in b) was determined by XPS, mean + SD (n = 5). XPS spectra of ¢) C1s and O1s of
the native PLA-PCL and d) OP treated PLA-PCL. IR-spectra obtained with e) PM-IRRAS and f) FTIR-ATR
of native (Black) and OP treated (Grey) PLA-PCL samples. Arrow indicates shoulder in the carbonyl

region.
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Figure S3: The effect of a reduction step on native and OP treated biopolymers; OP treated and
untreated samples were analysed using PM-IRRAS before and after reduction in NaBH,. Spin-coated
samples on 20 nm gold discs were measured. After OP treatment and reduction the shoulder
(asterix) near the carbonyl band decreased. Insets show the corresponding Purpald staining of OP
treated polymers before and after reduction.
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Figure S4: Micro-contact printing of rhodamine B ethylenediamine on OP treated PEOT-PBT and

PLA-PCL samples; OP treated PEOT-PBT samples a) directly after printing or b) following an
extensive washing step in methanol and OP treated PLA-PCL samples c) directly after printing or d)
following an extensive washing step in methanol. Insets shows non-OP treated polymers directly

after printing. In this case, no patterns were visible after washing. Scale bar 400 um.

153



Biomaterial-supported lipid bilayer as a tuneable cell surface

100
* %
4 —— —1
RS E— JEN—

—~ 80 o
< B PCL
()]
L)
H 0O PEOT-PBT
s 60 +
g @ PLA-PCL
[=]
(=]
o 40
K7
c
(]
wv

20 o

0 L

Native OP treated Cholesterol

Figure S5 Coupling of cholesterol linker to OP treated polymers; sensile water contact angle of PCL,
PEOT-PBT and PLA-PCL polymers treated with OP and incubated for 1 hour with the cholesterol
linker Data presented as mean + SD (n = 3), and compared using Student T-test,** and p < 0.01.
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Figure S6: Air-stability of BSLB on PCL; epi-fluorescent analysis of a liquid state bilayer doped with
0.2 mol% OG-DHPE applied on a 2D cholesterol-modified PCL film. a) Profile plots of the BSLB after
air exposure, bleaching and recovery. Corresponding epi-fluorescent images of b) the pre bleach, c)

post bleach and d) after several minutes of recovery. Scale bar 100 um.
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Figure S7: CARS and two-photon fluorescence; CARS and two-photon analysis of a mobile BSLB
doped with 0.2 mol% OG-DHPE on a 3D PCL fibre mesh. a) Stacked z-slices of the 2,920 cm™ CARS
signal of the PCL polymer (C-H stretching) and b) the two-photon fluorescence of OG-DHPE, c) and d)
show angled view, scale bar 500 um.
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Figure S8: Analysis of SLB stability in vitro on glass substrates; a) FRAP recovery curves and D-values

obtained at different intervals in the presence of cells. Note bleach spot was not equal for the plots
that are shown. b) Fluorescence micrograph of a TR-DHPE labelled SLB after 1 week of cell culture. c)
D-values presented as mean + SD (n = 3).

155



Biomaterial-supported lipid bilayer as a tuneable cell surface

ii, DIPEA, DMAP
Toluene

(o)
H
j\OJLH/\/O\/\O/\/NTrO
“‘o
m
TFA
DCM l

H
HZN/\/O\/\O/\/NTrO

0
Cholesterol linker
Figure S9: Cholesterol linker synthesis; scheme showing the 3-step synthesis of the amine-
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Figure S$10: Characterization of the Cholesterol linker with '"H NMR and TOF-ESI: a) 'H NMR spectra
of compound ii in CDCl5; 5.37 (t, 1H, olefinic H), 5.25 (t, 1H,NH), 5.1 (t, 1H NH), 4.5 (m, 1H, O-CH
cholesterol), 3.61 (s, 4H, O-CH,-CH,-0), 3.55 (m, 4H, 2 x O-CH,), 3.37 (m, 4H, 2 x CH, in CH,NH), 2.5-
0.87 (34H, cholesterol), 1.5 (s, 9H tert BOC), 0.86 (d, 6H 2 x CH; cholesterol), 0.68 (s, 3H, 1 x CH;
cholesterol) b) "H NMR spectra compound jii in CDCls; 5.37 (t, 1H, olefinic H), 5.25 (t, 1H NH), 4.5 (m,
1H, O-CH cholesterol), 3.61 (s, 4H, O-CH,-CH,-0), 3.56 (m,4H,2x0CH,), 3.52 (t,2H, NH,), 3.37 (m, 2H,
CH, in CH,NH), 2.89 (t, 2H, CH,NH,), 2.5-0.87 (34H, cholesterol), 0.86 (d, 6H, 2 x CH; cholesterol),
0.68 (d, 3H, 1 x CH; cholesterol). ¢) ToF-ESI spectra of compound iii, the cholesterol linker, obtained
with cone voltages of 10— 100 V, m/z 561 [M+H]+, 193 and 369 mass abducts of compound iii.
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Figure S11: Cell culture on BSLBs prepared on PCL samples; a) schematic of sample mounting and b)
photograph of a cholesterol-modified PCL disk and cut pipet tip fix the samples.

157



Biomaterial-supported lipid bilayer as a tuneable cell surface

158



Chapter 7

Epilogue

159



Epilogue

In the present work, we studied new applications of supported lipid bilayers (SLBs).
Although the technology has been described by McConnell and co-workers in the mid-
eighties of the last century,l'2 the use of SLBs has evolved ever since.

7.1 pSLB electrophoresis

In Chapter 2, we described a method that used several hundreds of millivolts to achieve
electrophoretic separation of charged molecules within the SLBs. This achievement was
made possible by including a sacrificial electrochemical reaction.> We believe that the use
of a sacrificial electrochemical reaction to mitigate water electrolysis is applicable to other
forms of electrophoresis as well. For example, the addition of an electro-active compound
has been used to supress bubble formation at the electrodes,4 but could also be used in
alternating current (AC) SLB applications pioneered by Evans and co-workers.” Although
the proposed USLB electrophoresis device could be made to run on battery power and
make use of capillary action for fluid exchange, the detection of analytes within such a
nano-analytical device deserves considerable attention. Also, the integration with a fluidic
system, as described by Ho6k and co-workers,® could allow for the preparation of cell-
derived SLBs of which the components are separated in situ by an electric field. When the
latter step is combined with hydrodynamic flow,” 2D separation based on hydrodynamic
volume and electrophoretic mobility is within reach. In addition, including embedded
electrodes around the pin hole of ‘black lipid membranes’,® enables electrophoresis in
free-standing SLBs.

7.2 Locked-in gradients

In Chapters 3 and 4, locked-in SLB gradients of various functional groups is described.’ The
inherent non-fouling nature of SLBs that is retained to a large extent in these gel-state
systems, allows for the study of e.g. binding events of fouling moieties. For example,
proteins and cells (eukaryotic and prokaryotic) have the tendency to non-specifically
adsorb to commonly used plastics and glasses. As a consequence, they often require
blocking steps or chemical modification of their surfaces to facilitate specific interactions.
The locked-in gradients are a more facile method to control ligand density and fouling.
Apart from their use in quantitative glycomics (Chapter 4), combining model binding
systems, such as cyclodextrin or cucurbituril systems for the study of supramolecular
multivalent interactions,”® with locked-in gradients offer unique possibilities. One can
imagine the generation of a host molecule gradient in low T, gel-state SLBs and the
binding of a multivalent guest molecule to it. Upon local heating of the gradient, by e.g. a
laser, a gel-to-liquid transition would occur allowing for the study of lateral dynamicity on
multivalent binding at a predefined surface density of the host molecules. Moreover,
embedding two functional groups with opposite charge during gradient formation,
enables the generation of counter gradients. In addition, a variety of membrane-protein

160



Chapter 7

interactions could be investigated as well, such as 2D crystal formation of Annexin V and
the binding and aggregate formation a-Synuclein.""** In these cases, the interaction as a
function of surface density of functional groups can be determined in both gel and liquid-
state SLBs. The latter would be made possible upon rapid heating of the gradient and
monitoring its recovery. In this case, a gradient of functional groups in a mobile SLB is
generated, albeit with limited temporal stability.

7.3 Directing cell fate using SLBs

In Chapters 5 and 6, SLBs modified with cell adhesive peptides facilitated specific cell
adhesion to its surface of both primary and stem cells. The versatility of SLBs in cell culture
is reflected by the ease of which the density and mobility of functional groups can be
tuned. Apart the well-studied ligand spacing,”>™ our research showed that lateral
dynamicity affects cells dramatically. In the case of mesenchymal stem cell (MSC)
differentiation, research into substrate stiffness and extracellular matrix (ECM) flexibility
demonstrated the importance of the cell’s mechanical environment and traction force
generation.®™® As was recently highlighted by Eyckmans and Chen, materials that have
tailored dynamic substrate mechanics could be better suited to promote stem cell
differentiation or maintain their phenotype.”” In this regard, controlling the lateral
mobility of ligands within the SLB seem to fulfil these needs.”® Here, two aspects are of
importance namely, the (1) mechanical dosing and (2) traction force generation. (1)
Mechanical dosing relates to the time a cell experiences a given mechanical environment.
In the case of SLBs, this is intimately controlled by ligand mobility. Choosing the lipids
wisely and carefully controlling the cell culture temperature, one gains temporal control of
ligand mobility.”* As a consequence, (2) the mechanical environment sensed by the cells
can be controlled by SLB phase behaviour and potentially the choice of lipid anchors
conjugated to ligands. However, the inherent air instability is a limiting factor in the use of
SLBs. The work described in Chapter 6 proposed a method to stabilize the SLB, making e.g.
in vivo applications more accessible. However, careful examination of the SLB integrity in
time and stability of ligand-membrane association is paramount. We anticipate that these
biomaterial supported lipid bilayers could be applied in in vivo applications such as
vascular and orthopaedic medical implants, ex vivo applications such as ophthalmic and
biosensor medical devices, and in research e.g. by coating of consumables such as cell
culture plastics, screening and fluidic devices.” Apart from the benefits SLBs offer (a
priori), one could envision including small molecule drugs within the hydrophobic core of
the lipid bilayer.




Epilogue

7.4 SLBs and supramolecular assemblies
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Figure 7.1: Supramolecular release of cells from SLBs; a) liquid-state SLB were modified with

methylviologen and incubated with CB[8] and azobenzene-mannose. b) Upon incubation with ORN
178 bacteria (Green), specific binding to the ternay complex was observed. UV illumination with a
partially closed field diaphragm resulted in c) selective removal of cells from the surface. Data
presented as mean = SD (n = 4).

Traditionally, dynamic supramolecular systems such as cucurbiturils are studied on self-
assembled monolayers on gold. Even though highly dynamic and switchable systems can

23,24 . . ..
In vivo, in-plane dynamicity has been

be made, they lack in in-plane dynamicity.
implicated to be of great importance in e.g. the formation of the immunological synapse.25
Current efforts within our group aim at combining supramolecular chemistry with SLBs to

explore the impact of lateral dynamicity on ternary complex formation between guest
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molecules and host cucurbit[8]urils (CB[8]). In this case, the non-fouling nature of the SLB
helps to promote specific interaction and enables the study of multivalent interactions.
Towards this end, initial experiments demonstrate that it is possible to fabricate SLBs
including the ternary methylviologen, CB[8] and azobenzene complex as given in Fig 7.1.
The methylviologen is coupled to the SLB similar to the strategy in Chapter 4. The
azobenzene in this experiment is derivatized with mannose to facilitate binding to cells.
The azobenzene can undergo a trans-to-cis isomerization upon UV irradiation, resulting in
its release from the ternary complex. Cells bound to mannose will be released as well. In
the future, this would allow us to mimic clustering of synthetic receptors in the SLB using
supramolecular assemblies. These cell membrane receptor analogues would further our
understanding of receptor-ligand binding and could pave the way to new drug
developments.

After more than thirty years, SLBs stood the test of time with exciting new developments
such as the combination with block copolymer micelle nanolithography,”® nanoparticle
drug delivery,”””® and single molecule analysis.”> Throughout the years SLBs helped to

20,30,31
and cancer

elucidate membrane-associated processes in e.g. cell adhesion
biology.>***> The work presented in this thesis could contribute to the development of
novel bio-analytical applications and cell culture devices for directing cell fate in vitro and

in vivo.
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Summary

Studying and steering cell behaviour on artificial surfaces is challenged by the correct
presentation of ligands and interaction with cells. In this respect, dynamic biological
synthetic architectures have been proposed that rely on supramolecular assembly,
fabrication techniques, adaptive chemistry and modern molecular biology. Cell membrane
mimics such as supported lipid bilayers (SLBs) offer unique possibilities in this field. For
example, ligands that are displayed on SLBs can move in 2D while prohibiting non-specific
interaction with proteins and cells. Currently, SLBs are used for surfaces of biosensors, for
the separation medium of membrane components and as cell culture platforms to mimic
the extracellular matrix and cell-cell contacts.

The aim of the work described in the thesis is to explore novel biomedical applications of
SLBs with implications for (1) membrane separation, (2) surface gradient formation and (3)
artificial cell interfaces for in vivo use. (1) Membrane separation by means of
electrophoresis suffer from large applied potentials that prevent down-scaling to low-
power nano-analytical devices and can cause damage to the SLB. In this part of the work a
chip-based system was fabricated in a process that consumes only 100s of millivolts. This
achievement was made possible through the addition of a sacrificial electrochemical
reaction during SLB electrophoresis. (2) Concentration gradients of charged analytes
within the SLB-based gradients do not display temporal stability and can therefore not be
easily used as e.g. a continuous gradient for the study of binding events. In this part of the
work the SLB electrophoresis system was used to generate surface gradients of charged
functional groups in gel-state SLBs. These gradients proved stable in time conveniently at
room temperature and could be modified with various bioactive compounds such as
mannose to study the binding of E. coli under relevant physiological shear stresses. (3)
Even though SLBs have been used extensively in vitro, their application in vivo has been
limited due to the air instability of these layers. In this part of the work the interligand
spacing and lateral mobility of cell adhesive ligands was varied in SLBs and studied in cell
culture. Chondrocyte and preosteoblastic cell behaviour could be tuned in terms of cell
adhesion, cell spreading, cytoskeletal organization and the extent of matrix deposition.
Ultimately, the preparation of a cholesterol-modified biopolymer allowed us to prepare
air-stable biomaterial SLB, which were equally non-fouling and, when bioactive ligands
were included, able to steer mesenchymal stem cell fate.

In summary, the lateral mobility of lipids and ligands in SLBs can be exploited for gradient
formation and tuning traction force generation by cells. Besides their use as bio-analytical
tools, we foresee air-stable SLBs being adopted in Tissue Engineering for improving the
host-biomaterial response in the case of implant technology. For example, biomaterial
SLBs could be used to promote host integration of medical devices.
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Samenvatting

Het bestuderen en het beinvioeden van cellen op artificiéle opperviakten wordt
bemoeilijkt door de presentatie van liganden en hun interactie met cellen. Om dit te
verbeteren worden synthetische en dynamische biologische structuren voorgesteld die
gebruik maken van supramoleculaire assemblage, fabricage technieken, chemie en
moderne moleculaire cel biologie. Analoga van celmembranen zoals ondersteunde lipide
dubbellagen (OLDs) bieden unieke mogelijkheden in dit onderzoeksveld. Liganden die
gepresenteerd worden op OLDs vertonen bewegelijkheid in 2D terwijl ze geen oppervlakte
vervuiling toelaten van eiwitten of cellen. OLDs worden veelal gebruikt als oppervlakte in
biosensoren, als het scheidingsmedium van cel membraan componenten en in cel kweek
waarin de extracellulaire matrix en cel-cel contacten kunnen worden nagebootst.

Het doel van het werk dat is beschreven in dit proefschrift is het verkennen van nieuwe
toepassingsgebieden van OLDs zoals (1) membraan scheiding, (2) oppervlakte gradiénten
en (3) artificieel cel oppervlak in vivo. (1) Membraanscheiding met elektroforese wordt
gehinderd door de hoge potentiaalverschillen die noodzakelijk zijn, hetgeen de
miniaturisatie in de weg staat en schade kan veroorzaken aan de OLD. In dit deel van het
onderzoek is een OLD elektroforese chip ontwikkeld die door gebruik van een
elektrochemische reactie slechts honderden millivolts vereist. (2) Concentratie gradiénten
van geladen moleculen in OLDs zijn niet stabiel in de tijd met als gevolg dat ze ongeschikt
zijn voor het eenvoudig uitvoeren van bindingsstudies. In dit deel van het onderzoek is het
OLD elektroforese systeem gebruikt om oppervlakte gradiénten te maken van geladen
functionele groepen in gel-staat OLDs. De gradiénten bleken stabiel in de tijd en konden
gemodificeerd worden met verschillende stoffen zoals mannose, welke gebruikt is om het
bindingsgedrag van E. coli te bestuderen onder relevante shear stress. (3) Ondanks het feit
dat OLDs veel in vitro toegepast worden, is hun gebruik in vivo beperkt, mede door hun
luchtinstabiliteit. In dit deel van het onderzoek is gekeken naar het effect van de dichtheid
en bewegelijkheid van cel-bindende liganden in OLDs tijdens celkweek. Het gedrag van
chondrocyten en preosteoblastische cellen kon beinvioedt worden in termen van cel
adhesie en spreiding, organisatie van het cytoskelet en de mate van matrix uitscheiding.
Uiteindelijk heeft de ontwikkeling van een cholesterol-gemodificeerd biopolymeer ertoe
geleidt dat luchtstabiele biomateriaal OLDs gevormd konden worden, die grote mate van
bioinert gedrag vertoonde en na het invoegen van bioactive liganden het gedrag van
mesenchymale stamcellen konden sturen.

Samenvattend blijkt dat de bewegelijkheid van lipiden en liganden in OLDs voor
gradiénten en het beinvloeden van cel tractie toegepast kan worden. Naast hun gebruik
als bio-analytische tools, zien wij grote mogelijkheden in weefselhersteltechnologie voor
het aanbrengen van luchtstabiele OLDs op biomaterialen om de integratie van medische

hulpmiddelen met weefsel te verbeteren.
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Risk Analysis & Technology Assessment’

The risk analysis & technology assessment (RATA) innovation cycle helps us to identify,
during the different stages of innovation, what risks are involved and what needs to be
taken into consideration with the emergence of new technology. The innovation cycle
describes the start of the invention with research, translation into innovation in industry,
diffusion into society and eventually authorization and regulation by policy makers. In
particular when a clinical application is envisioned, researchers must be aware of the risks
of their technology for human health and of course the environment. Moreover, the
ethical implications of their research in society could have far reaching effects. In this
regard, the work described in Chapter 6 could have broad implications in the
aforementioned fields.

To mitigate the risks involved in the technology described in Chapter 6, we choose to
make use of a natural system. The proposed coating technology is based on lipid
molecules that are found in nature and are present in the membrane of human cells. As a
consequence, the use of these molecules is associated with very low health risks for the
end-user. For example, drug delivery systems using similar molecules have been
described, used in the clinic and extensively tested and approved by the food and drug
administration (FDA). In addition, the fabrication of these molecules is performed under
current good manufacturing practice (cGMP) thus ensuring the quality of these molecules.
The biomaterials that we coated in Chapter 6 are well described, and in the case of
polycaprolactone (PCL), is FDA approved as well. However, our coating process requires a
plasma preconditioning step and modification with a cholesterol-based linker molecule of
the underlying biomaterial. Although, plasma preconditioning of biomaterials intended for
in vivo use is associated with low health risks, the modification with the cholesterol
molecule could have adverse effects. Since the biomaterials can degrade in time in the
human body, it is anticipated that the cholesterol molecule will become available to the
host tissue. Therefore cytotoxicity, clearance and degradation (e.g. hydrolytic or
metabolic) must be assessed. In addition, the molecule is prepared in a research
laboratory and does not meet cGMP yet. During our experiments on human cells, we did
not observe any cytotoxicity induced by our coating. However, a dedicated study in silico
(e.g. European inventory of existing commercial chemical substances, EINECS and
registration, evaluation and authorization of chemicals, REACH databases) and in vitro
(e.g. degradation rate and toxic potency) must be performed. Environmental effects can

! Awareness of RATA by researchers at an early stage is crucial for innovation success. The RATA initiative in the
public-private partnership of NanoNextNL provides researchers with the tools and the knowledge-base for risk
analysis and technology assessment.
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be judged by the risk characterization ratio between the predicted environmental
concentration (PEC) and predicted no effect concentration (PNEC). Ideally this should be
performed for the intact molecule, its degradation products and hazardous waste during
synthesis, particularly important for industry and large scale production.

In society we foresee two aspects that deserve attention namely; technology acceptance
and clinical implications. We believe that the very nature of our coating method,
comprising of natural compounds, would be enticed by the public. Given the current
societal trends in e.g. the biological food sector and sustainable energy, our biomedical
coating developments align well with mind-sets of the general public towards more ‘bio’
and ‘friendly’ approaches. Under the premise that the coating is successfully implemented
on biomedical devices and improves their function, our coating could make the use of
biomaterials in vivo more commonplace due to their increased success rate. In the case of
orthopaedic implants, this could lead to a reduction in revision surgery and improved joint
function. This in turn could have implications for the elderly that regain their mobility and
become less dependent on health care institutions for daily needs.

This development could lead to changes in legislation and health care costs. On the one
hand, clinical intervention and implantation of a costly biomedical device might than be
preferred over cheaper but prolonged aid and therapy of the patients by health insurance
agencies and governments. On the other hand when such medical devices are not
reimbursed, it could widen the gap between poor and rich people.

Even though we are in the initial stage of the innovation cycle, RATA evaluating of our
technology reveals great commercial potential with a positive RATA outlook. Although
certain risks are identified, yet not well understand, their long-term technical and societal
impact must be evaluated during the course of future technology development.
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