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Abstract

The membrane of a living cell features a plethora of receptor molecules that enable the cell
to interact with its external environment. These interactions are often mediated by multiva-
lent binding between numerous receptor molecules and specific ligands. In the case of motile
adherent cells, the combined strength of multiple weak bonds allows the cell to remain firmly
attached to a surface while retaining the ability to perform locomotion, such as during cell
crawling and pathogen-host invasion.

In this thesis, I investigate the biophysics of motile adherent cells, through the use of
synthetic cells and DNA nanotechnology. I first present a passive motility system, in which
lipid vesicles adhere to a substrate through receptor-ligand binding; here, the receptors and
ligands consist of synthetic DNA linkers. In particular, I focus on the motion of vesicles over
surface density gradients of ligands. Experimental data, supported by numerical and theoretical
models, shows that vesicles preferentially drift towards regions with higher ligand density, in a
simple form of haptotaxis. The haptotactic drift velocity also exhibits correlations with binding
strength and vesicle size.

I also present an active motility system, with the aim of improving the motility of adherent
vesicles through the incorporation of a burnt-bridges mechanism. Kinetic models are fitted to
experimental data to verify the burnt-bridges mechanism and extract key parameters. These
findings helped to design subsequent vesicle motility experiments, in which motility was ob-
served to correlate with the rate of bridge burning. Furthermore, the system enables vesicles
to remain adhered at lower bridge densities than in the passive system, corresponding to an
order-of-magnitude increase in vesicle velocity.

Overall, the findings from this thesis provide insights into the biophysics of multivalent cell
adhesion, motility and haptotaxis, along with design rules helpful for the future development

of biomimetic motile systems.






Preamble

Publications

Some of the results from experiments, simulations and theory in Chapter 3 are included in a

manuscript under revision:

e Hannah Sleath, Bortolo Mognetti, Yuval Elani, and Lorenzo Di Michele. Haptotactic

motion of multivalent vesicles along ligand-density gradients.

A preprint of the above manuscript can be found on arXiv at Ref. [1].

Collaborations

Numerical modelling and theoretical derivations in Chapter 3 were conducted by Prof. Bor-
tolo Mognetti, informed by experimental parameters and findings from my work. Dr. Janna

Lowensohn also contributed to the writing of the simulations in Chapter 3.
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Chapter 1

Introduction

1.1 The biophysics of living cells

Cells are the basic units of all living organisms, with complex structures that are designed to
enable specific biological functions. Since the discovery of the cell in 1665 [2], biologists have
uncovered a range of intracellular processes, including DNA replication |3, 4], cellular respira-
tion [5] and protein synthesis [6, 7]. Cells may also interact with their external environments
in a variety of ways, including cell signalling [8], cell adhesion [9], or motion in response to
external triggers [10]. The vast variety and complexity of living cells offer interesting challenges
from a physics standpoint; the field of cell biophysics aims to deepen our current understanding
of cell functions by studying their underlying physical principles [11, 12].

Cells generally consist of a cytoplasmic region enclosed in a membrane; a schematic of a
biological cell and its key components is shown in Figure 1.1. The cell membrane (also referred
to as the plasma membrane) is composed of a phospholipid bilayer, which, as its name sug-
gests, consists of two lipid monolayers (also referred to as leaflets). The bilayer is interspersed
with cholesterol molecules and proteins [13]; these proteins may interact transiently with the
membrane (peripheral proteins), or may be permanently embedded in the cell membrane (in-
tegral proteins). The latter can be further categorised into transmembrane proteins that span
the width of the membrane, or integral monotopic proteins that associate with one side of the
membrane [14].

There are many types of cell membrane proteins that each play a key role in cell interac-
tions with the external environment. Membrane proteins that receive and transduce signals
are referred to as receptors [15]; typically, the signals consist of specific extracellular molecules
referred to as ligands, which may be (but are not limited to) hormones, growth factors, neu-
rotransmitters or nutrients. During signal transduction, an extracellular ligand binds to the
membrane receptor, activating intracellular signalling proteins that initiate a signalling cascade
and lead to changes in the behaviour of the cell [16]. Membrane receptors may alternatively
mediate cell adhesion; in this case, the receptors are referred to as cell adhesion molecules

(CAMs), and either bind with the extracellular matrix (ECM) or CAMs on other cells [17, 18].

This PhD focuses on the biophysics of multivalent adhesion and motility, two phenomena
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Figure 1.1: Key components of the biological cell and the plasma membrane. Biolog-
ical cells have complex interior environments with organelles designed to perform specialised
cellular tasks (diagram on the left of an animal cell and some of its key components; adapted
from a diagram by Toméas Kebert, available in Wikimedia Commons under a CC BY-SA 4.0
license). The cell is enclosed by a cell membrane (also referred to as the plasma membrane)
that consists of a phospholipid bilayer decorated with many types of integral and peripheral
proteins, glycoproteins and glycolipids (schematic in the inset; adapted from a diagram by
Mariana Ruiz, available in Wikimedia Commons and released into the public domain).

that are crucial to the functioning of biological cells; these topics are discussed in the following
sections 1.1.1 and 1.1.2. To investigate these phenomena, artificial cell mimics were used as
the basis of experimental systems, along with synthetic receptors constructed from DNA; an
overview of the field of synthetic biology and artificial cells is given in Section 1.2, while an
introduction to DNA nanotechnology is provided in Section 1.3. Finally, the objectives of this
PhD and the structure of this thesis are outlined in Section 1.4.

1.1.1 Multivalent cell adhesion

Many biological structures and functions rely on the attachment of cells to other cells, objects
or surfaces via the binding of cell membrane receptors, in a process known as cell adhesion. One
obvious example is the adhesion of cells to each other to form tissues, which subsequently make
up the organs within a multicellular organism [9, 19]. Cell adhesion receptors play a central
role in the migration of certain cells (e.g. human fibroblasts), by coupling interactions between
the cytoskeleton-associated motile apparatus of the cell and the substrate over which the cell
is migrating; the cell then uses the adhesive interaction to generate the tractive force required
for motion [20]. Adhesion also contributes to biological phenomena such as viral invasion via
endocytosis [21], and cell signalling [22].

Cell adhesion is typically mediated by a large number of molecular bonds between cell
membrane receptors and ligands on the object or surface to which the cell is adhered, in which
case it is known as multivalent adhesion (where valency refers to the number of simultaneous
bonds) [23, 24, 25|. The accumulated adhesion strength is enhanced in comparison to the

strength of the individual bonds, which may themselves be weak and labile |26, 27]. For
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example, the influenza virus attaches to the host cell via multiple bonds between hemagglutinin
(HA) glycoproteins on the viral surface and sialic acid (SA) moieties on the surface of the host
cell [28]. The multivalency results in strong attachment of the virus to the host cell, despite
the individual bonds being relatively weak with millimolar dissociation constants [29].

Another example of multivalent adhesion in biology is the formation of focal adhesions,
which are large, dynamic protein complexes comprised of transmembrane receptors and intra-
cellular proteins that continuously associate and disassociate with the complex over time [20].
Cells form focal adhesions to mechanically link the intracellular cytoskeleton with the extra-
cellular substrate (usually the ECM) via multiple receptor proteins; the focal adhesions enable
strong attachment of the cell to the substrate, while also acting as hubs for concentrating and
directing biochemical signals [30]. The cell may use focal adhesions as stable anchoring points
to push or pull itself over the extracellular substrate during cell migration [20].

Due to the interplay between enthalpic and configurational effects [31], complex and useful
behaviours such as binding super-selectivity [32, 33| can emerge from multivalent interactions,
making them a topic of interest in biophysics. Indeed, numerous biophysical studies have been
conducted to investigate various aspects of multivalent adhesion. These include the strength
and rate of adhesion (34, 35, 36, 37, 38|; the growth, size and stability of the contact region
between adhering objects [39, 40]; the self-assembly or fusion of colloidal particles [41, 42, 43,
44, 45, 46, 47]; and receptor-mediated endocytosis [48]. Investigations into DNA-mediated

multivalent adhesion in biomimetic systems are covered in more detail in Section 1.3.4.

1.1.2  Cell motility

Another theme of cell biology that has garnered the attention of biophysicists is cell motility,
1.e. the ability of a cell to move from one point in space to another. Cell motility and the
collective migration of cells play an essential role in a large variety of biological phenomena,
such as embryonic development [49, 50|, wound repair and tissue regeneration [51, 52|, cancer
invasion [49, 53|, and the immune response [54, 55]. Different modes of cell motility exist,
including the swimming of flagellates like animal sperm cells [56]; the twitching motility of
bacteria due to the action of grappling hook-like filaments [57, 58|; and the gliding or crawling
of eukaryotic cells adhered to a surface [59, 60].

Cell locomotion that occurs in response to an external stimulus is known as taxis. A common
example is chemotaxis, the directed motion of a cell along gradients of soluble chemicals; this
type of motion occurs in the directional swimming of algae [61] and bacteria [62] towards
nutrients, and of sperm towards the egg cell [63]. Cell locomotion may alternatively be directed
along gradients in temperature (thermotaxis) [64], light (phototaxis) [65] or other physical
factors [66, 67]. Furthermore, cells may instead move along magnetic [68], electric [69] or
gravitational |70] field lines; these types of motion are referred to as magnetotaxis, galvanotaxis

and gravitaxis, respectively.
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Haptotaxis

Cell motility often occurs in conjunction with cell adhesion, such that the cell moves along a
surface while remaining adhered to it. Directed motion of adherent cells is observed in a range
of biological contexts, such as the diffusion of Influenza A |71, 72| and Herpes [73] viruses along
the host cell membrane prior to invasion.

In many instances, motion directionality in multivalent adhesion systems occurs as a result
of gradients in surface-bound chemicals or cellular adhesion sites on the substrate to which
the cell is attached; this type of motion is referred to as haptotaris. For example, tumour
cells have been observed to adhere and migrate along density gradients of serum spreading
factor [74], a glycoprotein component of human serum that influences the growth, migration and
differentiation of a variety of animal cells. Additionally, ECM proteins (fibronectin, vitronectin
and collagen I) have been observed to induce chemotaxis and haptotaxis in mesenchymal stem
cells, which are critical to tissue repair and regeneration [75|. Haptotaxis has also been observed
in myoblasts, fibroblasts, leukocytes and Schwann cells [76, 77, 78, 79, 80].

The mechanisms governing the haptotaxis of adherent cells are not yet fully understood, and
are an ongoing field of research. In some cases, the motion is considered to be driven by an active
mechanism, in which internal biochemical cascades result in modification of the cell motility
machinery to adapt their orientation along the gradient [78]. Alternatively, haptotactic motion
or re-orientation of the cell along the gradient could arise as a result of a passive mechanism,
due to the tug-of-war in the cell adherence zone; areas with lower binding strength detach
spontaneously in favour of areas with higher binding strength |77, 81].

The passive mechanical drift of adherent cells along ligand gradients is a complex statistical
mechanical process, requiring the dynamic formation and breakage of numerous adhesive bonds
as the cell moves along the extracellular substrate. In the example of focal adhesions (mentioned
in Section 1.1.1), focal adhesions near the trailing edge of the cell must dissolve to allow the cell
to continue to travel, although the underlying mechanism is currently not fully understood [82,
83, 84|. Passive haptotactic drift along ligand-density gradients thus offers another interesting
yet complex challenge for biophysicists to tackle.

1.2 Artificial cells: constructing cell mimics to understand

biophysical phenomena

1.2.1 An overview of synthetic biology

Synthetic biology is a multidisciplinary branch of science centred around the application of
engineering principles to develop new biological parts, devices and systems. A key example
of a synthetic biological system is the artificial cell, an engineered particle that mimics the
structure and functions of a biological cell, with the potential for additional non-biological
capabilities [85]; a summary of some key functionalities of artificial cells is depicted in Figure 1.2.

Further themes of synthetic biology include engineering synthetic mimics of tissues such as skin,
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Figure 1.2: Artificial cells are engineered to mimic the structure and functions of
their biological counterparts. Synthetic cells can be constructed from the bottom-up from
simple chemical and biological components to impart functionalities ranging from sensing and
molecular recognition to gene expression and inter-cellular communication.

muscles and vasculature [86]; and the manufacture of complete synthetic genomes that can be

transplanted into living cells to reprogramme their metabolic functions [87].

Bottom-up versus top-down engineering

Synthetic biology and the production of artificial cells can be tackled from either a top-down or
bottom-up approach. The top-down methodology involves taking pre-existing, living cells and
altering them to impart new functions [88, 89]. A well-known example of top-down synthetic
biology is genetic engineering; for instance, certain strains of bacteria have long been used in
the food production industry, and have been genetically modified to operate more efficiently, in-
crease output, reduce toxic by-products and create improved compounds [90]. Bacteria, plant
cells, yeast and mammalian cells have also been genetically modified to make vaccines [91],
enzymes [92], antibiotics [93], antibodies [94] and much more. Top-down engineering is the
more developed approach to synthetic biology compared with building the artificial cell from
scratch [85]. Furthermore, the top-down approach has the inherent advantage of exploiting the
existing components and functionalities of the living cell, generating cells that closely approx-
imate non-engineered cells with their intricate metabolic pathways. However, this comes with
the caveat that the complexity of top-down synthetic cells can hinder their use as cell models or
in further applications [85]. For example, in applications where a living cell has been engineered
to generate a target product, the multitude of pre-existing cellular processes can compete with
the production of the target product and reduce the efficiency of the application. Living cells
may also suffer from toxicity issues when artificial components are introduced.

In contrast, the bottom-up approach makes use of simple biological and chemical compo-
nents, such as lipids, proteins, sugars and DNA, to construct mimics of biological systems in
vitro |95]. In the context of building artificial cells, one key advantage of the bottom-up ap-
proach is that it reduces the complexity of a living cell to its basic fundamental features, thus

making the artificial cell easier to design, control and study. As artificial cells can be engineered
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to carry out specific functions, this reduces waste of resources and energy on other functions
that biological cells perform. Additionally, bottom-up synthetic cells provide the opportunity
for incorporation of non-biological components or processes which would interfere with the

functioning of a living cell (or even cause cell death) [96]

Uses of artificial cells

Artificial cells have been designed for a wide range of purposes, including modelling biologi-
cal cells to study their structures and functionalities. The plasma membrane has historically
been the most well-developed cellular component to be mimicked and studied in synthetic biol-
ogy [85]. The ability to fine-tune various aspects of artificial cell membranes allows for studies
of their effects on biological processes, such as membrane composition [97|, asymmetry [98],
and lateral organisation [99]. For example, artificial cells have been built to mimic bacteria
and study the diffusion of antibiotics through the bacterial cell membrane [100]. This line of
research is important in the development of antibiotics, as one key factor in antibiotic resis-
tance is the permeability (or rather the lack thereof) of the bacterial cell membrane to drug
molecules [101, 102, 103|. Direct measurements of passive transport of antibiotics across living
bacterial cells have proven to be difficult, due to the small size of bacteria and the complication
of isolating the diffusive motion across the membrane from other transport modes [104, 105].
Artificial cells provide a solution to these issues, as well as offering high control over membrane
composition and ease of measurement relative to living bacterial systems.

Artificial cells have also been used to study the biophysics of the cytoskeleton, a network
of protein filaments and microtubules within the cell cytoplasm that maintains the shape of
the cell, is responsible for the organisation and movement of various organelles within the cell,
and often plays a key role in the locomotion of the cell itself. Locomotion of eukaryotic cells
is typically driven by the elongation of protein polymers by successive addition of monomeric
units; the extending filament mechanically deforms the cell and causes the growth of tempo-
rary protrusions at the surface known as pseudopodia, which contributes to the crawling motion
of eukaryotic cells such as amoeba [106, 107|. Actin is a highly abundant protein that forms
filaments in the cytoskeleton, and its role in cell deformation and locomotion has been exten-
sively studied with the use of artificial cells [108, 109]. For example, by coupling an artificial
cell to actin filaments and monitoring changes in the shape of the cell, the spatial distribu-
tion and temporal dynamics of actin polymerisation forces exerted on the lipid bilayer were
characterised [110].

Beyond the aforementioned studies on the plasma membrane and cytoskeleton, artificial cells
have been used as compartments to investigate the behaviour of biomolecules and metabolic
reaction in wvitro. The effects of confinement and compartmentalisation on protein function
and enzymatic reactions have been investigated; it has been demonstrated that macromolecu-
lar crowding increases the robustness of gene expression [111]. These findings are relevant to
biological cells, as up to 40% of the total cellular volume is occupied by macromolecules [112].

In addition, artificial cells are a powerful tool for studying gene circuitry and protein expres-
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sion [113, 114], as they allow systematic variation of the concentrations of relevant biomolecules
such as genes, ribosomes polymerases, and adenosine triphosphate (ATP); and fine control over
parameters such as the redox state of ATP.

Artificial cells have also been manufactured for practical applications, made possible by the
versatility of the cells with respect to their composition, size and capacity for embedding and
encapsulating materials. By generating cells using biocompatible components, the cells can be
introduced to the body and employed for medical uses [115, 116]. Applications include the use
of synthetic cells as microscopic vehicles for drug transport in the body [117], and as analytical

tools [118] in immunoassays [119] and biosensors [120].

1.2.2 Synthesis of biomimetic membranes

At its most basic level, the structure of a living cell can be simplified to an aqueous compartment
contained within a semi-permeable boundary or membrane. Common components used to
construct this membrane include lipids [121], polymers [122] and proteins [123]. Alternatively,
artificial cells have been engineered using droplets [124] and Pickering emulsions [125]. Artificial
cell membranes composed of lipids bear the most similarity to the phospholipid membrane that

encloses biological cells, and form the basis of experimental systems in this PhD.

Biophysics of lipid self-assembly

Lipids are a diverse group of fatty, oily or wax-like organic compounds that are insoluble in
water, and soluble in organic solvents such as alcohol, ether and chloroform [126]. Examples
of lipids include phospholipids, fatty acids, and sterols [127]. Phospholipids are amphiphilic
molecules, with a hydrophilic “head” consisting of a phosphate group, and two hydrophobic
“tails” derived from fatty acids; these are typically joined by a glycerol “backbone” [128]. Due
to their amphiphilic nature, phospholipids self-assemble when dispersed in aqueous solution;
the self-assembly is driven by hydrophobic interactions, as the molecules arrange themselves to
protect their hydrophobic “tails” from the surrounding liquid while exposing their hydrophilic
heads [129]. Lipids may self-assemble into a variety of supramolecular structures, categorised
as spherical micelles, cylindrical micelles or bilayers (schematised in Figure 1.3). The self-
assembly structure is influenced by the geometry of the individual lipid molecules; this can be

summarised with the dimensionless packing parameter p of the lipid i.e.

Vo

(1.1)

where vy and [. are the volume and critical length of the hydrocarbon tail respectively, and

pZM’

ayp is the area of the phosphate head. Typically, spherical micelles form when p < 1/3, while
cylindrical micelles form when 1/3 < p < 1/2 [130]. The lipids self-assemble into bilayers
(also referred to as the lamellar phase) for 1/2 < p < 1, taking on a planar bilayer form when
p =~ 1, and forming a closed spherical structure (known as a vesicle) otherwise. Finally, inverted

micelles form when p > 1 if the lipids are instead immersed in oil-based solvents.
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Figure 1.3: Lipids self-assemble in solution as a result of their amphiphilic nature.
The chemical structure of a lipid (DOPC) is shown in (a), highlighting the hydrophobic “tails”
and hydrophilic “head”. When in solution, lipids self-assemble into various structures; the
conformation of the self-assembled structure depends on the geometry of the individual lipid
molecules. These structures include micelles and bilayers (in aqueous solution) or inverted
micelles (in non-aqueous solution).

The lipid bilayer structure consists of two layers (also referred to as leaflets) of lipid
molecules, arranged with the hydrophobic tails from both leaflets directed towards each other in
the centre of the bilayer, and the hydrophilic heads exposed to the aqueous phase surrounding
the bilayer [131]|. Various characteristics of the lipid molecules influence the physical properties
of the overall bilayer. For example, the length and degree of saturation (or number of double
carbon-carbon bonds) of the fatty acid tails influences the packing and relative mobility of
lipid molecules within the bilayer, which characterises the different phases in which bilayers
may exist. In the liquid (or fluid) phase the lipids can diffuse laterally across the surface of
the membrane, whereas in the gel phase the bilayer is solid-like and lateral motion of lipids is
impeded. All lipids have a characteristic melting temperature (7y,) at which the thermal energy
is sufficient to overcome the attractive van der Waals forces between the lipid molecules, and
the bilayer transitions from gel to liquid phase [132]. For example, the melting temperature
of the lipid 1,2-Dioleoyl-sn-glycero-3-phophocholine (DOPC) is -17°C; DOPC bilayers exist in
the fluid phase above this temperature [133]. Note that it is possible for different phases to

co-exist within a bilayer [134].

Structure and production of vesicles

Lipid bilayers behave like elastic membranes and can easily deform and bend, although most
cannot stretch more than a few percent before breaking [135]. They may exist as 2D planar
sheets, or may bend to form spherical vesicles where the additional bending energy is accounted
for by the absence of the energetic cost of edges. Vesicles can comprise of a single lamellar phase
lipid bilayer, in which case they are referred to as unilamellar vesicles; alternatively, vesicles
may comprise of several lipid bilayers arranged in an “onion-like” structure, in which case they
are referred to as multilamellar vesicles. Unilamellar vesicles may be further identified by

their size, and fall into the following categories: small unilamellar vesicles (SUVs) with a size
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<0.1 pm, large unilamellar vesicles (LUVs) with a size between 0.1-1 ym, and giant unilamellar
vesicles (GUVs) with a size >1pm [136]. Unless specified otherwise, GUVs were chosen for
vesicle experiments in this PhD, as the larger size allows for increased ease of visualisation.

Vesicles can be produced via a variety of methods, which may be broadly classified into tradi-
tional bulk-scale and emulsion-based methods, along with more recently developed microfluidic
methods. The bulk production of vesicles relies on self-assembly of lipids in a bulk phase, and
includes methods such as thin-film hydration [137], ethanol injection [138] and detergent dial-
ysis [139]. Thin-film hydration is one of the most widely used vesicle preparation techniques,
and involves hydration of a lipid film, along with mechanical agitation to encourage the film to
peel away from its support and enable vesicles to form. This typically results in the formation
of multilamellar vesicles [137]. Other types of vesicles (e.g. unilamellar vesicles) can then be
prepared from these multilamellar vesicles via sonication or extrusion through filters; the di-
ameter of extruded vesicles depends on the filter pore size [140]. GUVs can also be synthesised
directly from thin-films by applying an alternating electric field during the hydration of the
film; this method is known as electroformation [141], and was used to generate GUVs through-
out this PhD (see Section 2.2.1 for further details). In contrast, emulsion-based approaches
such as phase transfer [142] start with an emulsion of water-in-oil (or oil-in-water) droplets
stabilised by lipid monolayers, which are then enclosed in a second layer of lipids to form the
bilayer. Emulsion-based methods have the advantage of higher encapsulation efficiency, offering
the ability to control the composition of the solution within the vesicles separately from the
surrounding fluid [140].

The methods of bulk vesicle production are typically straightforward, but the reliance on
self-assembly of lipids is heterogeneous and uncontrolled, leading to vesicle samples that are
polydisperse in size and lamellarity. Conversely, microfluidic methods enable high control over
the production of vesicles, with the careful manipulation of liquid flows through micron-scale
channels [143]. A variety of microfluidic methods for vesicle production have been developed,
including droplet-based microfluidic methods [144, 145, 146] and microfluidic hydrodynamic
focusing (MHF') methods [147, 148].

1.3 An introduction to DNA nanotechnology

Described as the “molecule of life”, deoxyribonucleic acid (DNA) carries the genetic information
for the development and functioning of all living organisms [149]. Consequently, DNA is often
considered in its biological context as a key component of the central dogma of molecular biol-
ogy [150]. However, progress in DNA synthesis [151| and modification [152] has subsequently
led to expanded interest in DNA beyond its role in biology. In the field of DNA nanotechnol-
ogy, DNA is instead used as a structural or functional material. The unique and predictable
binding of DNA molecules enables the construction of two- or three-dimensional DNA nanos-
tructures with useful and versatile properties [153|. Furthermore, the biocompatibility of DNA

and its resistance to degradation (in comparison with other biomolecules such as proteins and
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Figure 1.4: DNA origami can be used to build a variety of shapes of nano-scaled
structures. Examples of various DNA structures designed and built via DNA origami by
Rothemund Lab are shown here, with computer-generated designs in the top row and corre-
sponding atomic force microscopy images in the bottom two rows (scale bar = 50 nm). Adapted
with permission from Ref. [153].

RNA) offers great potential for application to biological and therapeutic systems. For example,
DNA nanotechnology has been used to engineer synthetic versions of biological cell compo-
nents including cytoskeletons [154] and cell membrane-sculpting proteins [155], as well as entire
synthetic cells [156].

DNA nanotechnology is conventionally divided into two main branches: structural and dy-
namic. Structural DNA nanotechnology concerns the use of DNA molecules as building blocks
to assemble two- and three-dimensional structures in a static, equilibrium-end state [157]. As
the nucleotide occupies an approximate cylindrical space that is 0.34 nm wide and 1nm long,
this allows the design of structures at a similar nanoscale resolution [158]. Since structural
DNA nanotechnology was founded in 1982 by Nadrian Seeman [159], a wide variety of nanos-
tructures have been engineered, including crystal lattices [160, 161], nanotubes [162, 163, 164]
and polyhedra [165, 166]. Even more complex and arbitrary shapes can be built via DNA
origami, a process involving the folding of a long single strand of DNA, which is then held in
shape by multiple smaller “staple” strands [153]. Examples of DNA origami structures built by
Rothemund Lab are shown in Figure 1.4.

On the other hand, dynamic DNA nanotechnology focuses on the construction of DNA
complexes with interesting non-equilibrium behaviour [158|. Typical functionalities include
the ability of the DNA complex to undergo controlled motion or reconfigure in response to a
chemical or physical stimulus. Dynamic DNA nanotechnology is discussed in further detail in
Section 1.3.3.

In the rest of this introduction to DNA nanotechnology, the structure of the DNA molecule
is explored, before delving into the thermodynamics of DNA hybridisation and the applications
of DNA nanotechnology.
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Figure 1.5: DNA duplexes self-assemble into a double-helix structure as a result of
base interactions. Schematic of the structure of DNA. The two polynucleotide chains are
coiled in a double-helix structure that is 2nm wide and twists 360° every 10.5 base pairs (in
its B-form); the chains are joined by Watson-Crick base pairs, which are stacked above one
another at a spacing of 0.34nm. The schematic of the chemical structure has been adapted
from a diagram by Thomas Shafee, available in Wikimedia Commons under a CC BY 4.0
license.

1.3.1 The DNA molecule

DNA was first discovered in 1869 by Friedrich Miescher [167, 168], who at the time was working
on characterising proteins in the nuclei of human white blood cells. During this work, Miescher
isolated a component of the nuclei that had chemical properties that differed from proteins,
such as a much higher phosphorous content and resistance to proteolysis; this component was
initially named as “nuclein”, which was later changed to “nucleic acid’ and finally to “deoxyri-
bonucleic acid” (or DNA for short) [169]. However, it wasn’t until 1953 that the 3D structure
of DNA (schematised in Figure 1.5) was discovered, thanks to X-ray crystallography imaging
by Rosalind Franklin, Maurice Wilkins and Raymond Gosling [170] along with the proposal
of the now-famous double helix model by James Watson and Francis Crick [171]. The model
proposed by Watson and Crick describes the structure of B-DNA, the most common form of
DNA. It must be noted that DNA may alternatively exist in two other forms, referred to as
A-DNA and Z-DNA; these also form helical structures, but differ from B-DNA in terms of their
geometry and dimensions [172, 173]. Due to its biological significance and vast potential for
use in nanotechnology, the physical and chemical properties of DNA have since been studied
extensively.

The DNA molecule is a polymer consisting of two polynucleotide chains, coiled around each

other in a double helix (see Figure 1.5) [171]. These polynucleotide chains are composed of
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simple monomeric units called nucleotides, which each consist of a phosphate group, a deoxyri-
bose sugar, and a nitrogenous base. The latter is also referred to as a nucleobase, which can
be one of four: cytosine, guanine, adenine and thymine (shortened to C, G, A and T respec-
tively). Monomers within a polynucleotide chain are covalently linked by phosphodiester bonds
between the 5’-hydroxyl group of the sugar in one nucleotide and the 3’-end phosphate of the
next. This results in a sugar-phosphate backbone of the chain, as well as an asymmetry that
gives directionality to the DNA molecule. The directionality of a polynucleotide chain is often
described by referring to the end with the free hydroxyl as the 5" end, and the end with the
free phosphate as the 3’ end (e.g. DNA nucleobase sequences are typically quoted in the 5’ to
3’ direction).

The two polynucleotide chains are held together by anti-parallel hybridisation of nucleobases
on the complementary strands, which bind according to Watson-Crick base pairing [171]: ade-
nine with thymine (via two hydrogen bonds), and guanine with cytosine (via three hydrogen
bonds). The double helix structure of the DNA molecule arises due to base stacking interac-
tions; consecutive bases are stacked above one another in a helical arrangement that enhances

the van der Waals interactions between the bases [174].

1.3.2 Thermodynamics of DNA hybridisation

Complementary DNA strands bind selectively in accordance with the Watson-Crick base pairing
rules. The hybridisation and binding of short DNA strands (also known as oligonucleotides)
can be quantitatively predicted through straightforward thermodynamic models; one example
is the nearest neighbour model, which assumes that the stability of a base pair depends on the
identity and ordering of neighbouring base pairs [175]. The free energy of hybridisation of two
untethered oligonucleotides to form a DNA duplex is thus given by

10
AG;)otal = AC:;Jnitiations + Z niAGO (2)7 (12)

i=1
where AG? iations 15 the free energy associated with the initiation and termination base pairs of

the duplex; AG°(i) is the free energy associated with one of the ten possible nearest-neighbour
nucleotide pairs (e.g. AA, AT, AC, AG, and so on); and n; is the number of occurrences of
this pair in the sequence. Note that the nearest neighbour model can be extended to account
for mismatched bases that disobey the Watson-Crick base pairing rules.

Each AG term can be decomposed into enthalpic and entropic contributions, such that the
total free energy change can be calculated as

Ach)otal = ‘:otal - TAStO (13)

otal’

where AH?, . and ASp ., are the enthalpy and entropy of hybridisation respectively, and 7'
is the temperature. AH{, , is dominated by the change in enthalpy due to base stacking and

hydrogen bonding between base pairs, while ASP | arises from various entropic contributions
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including the entropy loss of flexible oligonucleotides as they assemble into the helical duplex.
Values of AH® and AS° have been determined for the ten possible nearest-neighbour nucleotide
pairs, such as the values identified through empirical measurements of DNA hybridisation free
energies by Santa Lucia [175, 176].

In cases where one or both of the oligonucleotides are tethered, there is generally a loss in
configurational (rotational and/or translational) freedom as the strands bind to form a duplex.
This corresponds to a configurational entropy loss AS¢.ns, which appears as an additional term
—TAS.ons on the right hand side of Equation 1.3 [177, 34].

DNA duplex formation becomes less likely with increasing temperature, as the thermal
energy overcomes the attractive interactions between base pairs. This can be seen from Equa-
tion 1.3; assuming that AHZ , and ASP ., are temperature-independent, as ASg ., < 0 (.e.
entropy is lost during hybridisation), it follows that AGY,,,, increases linearly with tempera-
ture. As temperature increases, more DNA duplexes unwind and separate into single-stranded
species; this process is known as melting or thermal denaturation [178].

The hybridisation of two complementary oligonucleotides A and B can thus be thought of
as a second-order reversible reaction, where an equilibrium exists between the single-stranded
species and the duplex AB. This can be represented as

A+ B AB (1.4)

kot

where ko, and k.g are the rate constants of hybridisation and denaturing respectively. It must
be noted that this assumes a two-state model in which A and B are either fully hybridised or
fully de-hybridised; this is generally true for short, complementary oligonucleotides, but not in
general. The equilibrium constant for this reaction is given by

o= i = o (15)

[AIlB] kot

The equilibrium constant and free energy of hybridisation can be related via the Van 't Hoft
equation [179], giving AG}.,,; = —RT In(K.qp°), where R is the ideal gas law constant and
p° = 1M is a reference concentration. This, in conjunction with the expression for K., in
Equation 1.5, can be used to calculate the melting temperature, with is defined as the tem-
perature at which half of the DNA duplexes have dissociated into the single stranded species.
The stronger the binding between the DNA strands, the greater the thermal energy required
to denature the duplex, and thus the higher the melting temperature.
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Figure 1.6: Toehold-mediated strand displacement (TMSD) is a mechanism used to
exchange one strand of a DNA duplex with another. A schematic of the TMSD mech-
anism is shown; the invader strand binds to a complementary single-stranded “toehold” region
on the target duplex, forming a three-stranded complex. Branch migration of the invading
domain eventually leads to displacement of the incumbent strand from the duplex.

1.3.3 Dynamic DNA nanotechnology

Dynamic DNA nanotechnology focuses on the construction of DNA complexes with dynamic,
non-equilibrium functionalities, including mechanical motion [180, 181], reconfiguration [182,
183] and computation [184, 185]. These functionalities are achieved by exploiting the reversibil-
ity of the DNA base pair interactions, and can be triggered by a variety of actuation mechanisms
such as environmental factors (e.g. pH [186], ionic concentration [187], light [188], tempera-
ture [189] and hydrophobicity [190]); externally applied electromagnetic fields [191, 192]; and
molecular binding [193, 194].

Molecular binding actuation mechanisms are based on the binding of an external molecule
to the DNA nanostructure, initiating processes known as branch migration and strand displace-
ment. The most popular mechanism is toehold-mediated strand displacement (TMSD) [193,
195, 196], which uses “invading” DNA strands for actuation; a schematic of the TMSD mecha-
nism is shown in Figure 1.6. The single-stranded DNA invader binds to a short unhybridised
overhang or toehold on the target DNA nanostructure, creating a complex composed of three
strands of DNA. Energetically-favoured branch migration of the invading domain then leads
to the displacement of the initial hybridised incumbent strand. An alternative to TMSD is
proximity-induced DNA strand displacement (PiDSD), which relies on close proximity of the
invader strand to the target nanostructure (rather than binding of a toehold) to catalyse the
displacement reaction [194].

Dynamic DNA nanotechnology is not solely limited to base-pairing interactions between
DNA strands. For example, DNAzymes are artificial DNA oligonucleotides that are capable
of performing specific chemical reactions, mimicking the behaviour of biological enzymes [197,
198]. DNAzymes have been engineered to catalyse the cleavage and ligation of DNA and ribonu-
cleic acid (RNA) [199, 200, 201]; the majority of DNAzymes are ribonucleases (commonly ab-
breviated as RNases) which catalyse RNA cleavage. In addition, artificial DNA oligonucleotides
known as aptamers are capable of binding to specific target molecules, mimicking the behaviour
of antibodies. These target molecules include heavy metal ions [202], proteins [203, 204], and

even whole cells such as viruses [205] and bacteria [206].
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The aforementioned functionalities have enabled the design of DNA constructs for a plethora
of applications, including reconfigurable DNA nanodevices such as autonomous walkers [180,
181], switches [207] and tweezers [195]. Dynamic DNA nanotechnology has also been used to
engineer molecular circuits capable of complex information processing and computation, such
as synthetic gene regulatory and signalling networks [208]|, and computational networks using
in vitro transcription [209]. Furthermore, dynamic DNA nanotechnology has vast potential for
medical and therapeutic applications, such as the use of aptamers in medical tests to identify

molecular markers of cancers and other diseases [210, 211].

1.3.4 DNA-mediated multivalent interactions

Over the past few decades, DNA nanotechnology has been a popular tool for engineering
multivalent adhesion and other interactions between substrates, as the selective and reversible
binding properties of the DNA molecule enables precise control over the resulting multivalent
interactions. The interacting substrates are typically functionalised with complementary DNA
“linker” constructs, which bind to each other to provide the adhesive force. The structure of
DNA linkers is schematised in Figure 1.7, and features three distinct parts: an anchor, a spacer
region, and a reactive moiety such as a single-stranded sticky end [34]. The anchor chemically
or physically tethers the DNA nanostructure to the substrate; the choice of anchor depends
on the nature of the substrates and the functionalisation strategy. The spacer may consist of
either single-stranded DNA (ssDNA) or double-stranded DNA (dsDNA), and determines the
length and flexibility of the nanostructure, which in turn affect the hybridisation free energy
and thus the overall multivalent adhesion. dsDNA is significantly stiffer than ssDNA, with
a persistence length of &~ 50nm [212]; a dsDNA spacer region shorter than this length thus
behaves like a rigid rod. Finally, the reactive moiety mediates interactions with complementary
DNA constructs. A simple example of a reactive moiety is a single-stranded sticky end that
selectively binds to complementary sticky ends; the base-sequence and length of the sticky end
enable fine-tuning of the binding strength [34].

Early implementations of DNA-mediated multivalent adhesion focused on the self-assembly
of gold nanoparticles functionalised with complementary DNA linker constructs by Mirkin et
al [213] and Alivisatos et al [214] in 1996. Since then, a variety of self-assembled phases
driven by DNA-mediated multivalent adhesion have been developed, from crystalline superlat-
tices [215, 216] to amorphous gels [217, 218, 219]. In all of these examples, the functionalised
substrates are solid, which means that the DNA linkers are anchored to fixed points on their

surface and that the particles cannot be deformed by the multivalent forces.
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Figure 1.7: Biomimetic membranes can be functionalised with amphiphilic DNA
nanostructures to mediate membrane interactions such as adhesion. Artificial cells
such as lipid vesicles may be functionalised with DNA linker constructs which mediate multiva-
lent interactions with other artificial cells, objects or substrates; this is schematised in (a). The
structure of DNA linkers commonly consists of three parts [34]: a hydrophobic anchor for teth-
ering to the lipid membrane, a spacer to control the physical extent of the linker, and a sticky
end that can bind to complementary sticky ends. Multivalent adhesion between substrates may
be mediated by complementary linkers that bind to each other; an example configuration of
interacting linkers is schematised in (b).

DNA-mediated multivalent interactions in biomimetic systems

Functionalisation of fluid and deformable substrates (in particular biomimetic membranes such
as lipid bilayers) with DNA linkers has uncovered an even wider variety of complex biophysical
phenomena, owing to changes in the particle shape and lateral diffusion of the linkers; this has
relevancy to the multivalent behaviour of biological cell membrane receptors. To attach DNA
linkers to biomimetic lipid membranes, one can functionalise the construct with a hydrophobic
anchor, such that the anchor spontaneously inserts within the hydrophobic core of the bilayer.
Previously tested anchor moieties include cholesterol, lipid, tocopherol or carbon chains, as
reviewed in Ref. [220]. Cholesterol is commonly used as the anchor due to the commercial
availability of cholesterol-modified oligonucleotides, as well as the stability of its insertion in
the lipid bilayer. Indeed, an individual cholesterol anchor has been observed to provide relatively
stable anchoring of DNA nanostructures, albeit reversibly with off rates ~ 5.8 x 10~4s~!, while

double cholesterol anchors result in irreversible attachment [221].

The first studies into the application of DNA-mediated interactions between lipid bilayers
were conducted by the groups of Boxer [222| and H66k [223], focusing on the specific adhesion
of lipid vesicles to supported lipid bilayers (SLBs) via the binding of DNA linkers with com-
plementary sticky ends. These SLB-tethered vesicles could still diffuse laterally and interact
with each other via DNA linkers orthogonal to the linkers mediating vesicle-SLB adhesion,
as depicted in Figure 1.8a. Controlled rupture of GUVs adhered to the SLBs resulted in the
formation of bilayer patches tethered to the underlying SLB by DNA linkers [224, 225]. When
using linkers with spacers of different lengths, phase separation was observed in the patches as
a result of bending energy minimisation of the suspended membrane [226]; this phenomenon

is reminiscent of the size-induced phase separation of receptor-ligand complexes observed in
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Figure 1.8: Implementations of DNA-mediated multivalent interactions in
biomimetic systems. Schematics are shown of previously implemented experimental systems
in which multivalent interactions between lipid bilayers are mediated by DNA interactions. In
(a), vesicles attach to supported lipid bilayers and interact with each other via DNA linkers
(figure adapted with permission from Ref. [222]; Copyright (2007) National Academy of Sci-
ences, U.S.A.). In (b), vesicles adhere to each other due to the binding of complementary DNA
linkers; the size of the adhesion patch can be tuned by varying the temperature (figure adapted
from Ref. [40], which is licensed under a Creative Commons Attribution 4.0 International Li-
cense). In (c), the binding of complementary DNA constructs cause vesicles to fully fuse with
lipid bilayers (figure adapted with permission from Ref. [46]).

the intercellular junction during immunological synapse formation [227, 228|. An alternative
approach to tethering GUVs to SLBs was developed by Amjad et al [38|, in which tetravalent
streptavidin proteins act as bridging moieties between biotinylated DNA constructs attached
to the lipid bilayers. In this system, adhesion of GUVs to the SLBs was observed at an interme-
diate range of streptavidin concentration; too little streptavidin would result in an insufficient
number of tethering complexes, while too much streptavidin would result in saturation of the

available biotin such that only one DNA construct would bind to each streptavidin protein.

Another popular theme within DNA-mediated adhesion of biomimetic membranes is the
self-assembly of GUVs suspended in solution [40, 41, 47]. Again, the GUVs are typically
functionalised with complementary DNA linkers to mediate multivalent adhesive interaction
between the vesicles. Microscopy imaging of DNA-mediated adhesion of GUVs has revealed that
the GUVs deform to form flat contact regions, where DNA linkers are preferentially recruited
due to their tendency of forming bridges [41]. The degree of GUV clustering increases with
monovalent salt concentration, while no aggregating is observed in the absence of salt; this is due
to the high negative charge of the sugar-phosphate DNA backbones, which requires screening
by positive ions to allow hydrogen bonding between complementary DNA strands. The size

of the GUV-GUV contact region has been observed to (reversibly) increase with temperature,
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as thermal expansion of the bilayer increases its excess area, resulting in a more “deflated”
and deformable GUV as depicted in Figure 1.8b [40]. Furthermore, “Janus” vesicles have
been generated by functionalising phase-separated GUVs with DNA linkers [42]; the linkers
preferentially partition to one of the phases of the lipid bilayer, resulting in localisation of the
linkers on one hemisphere of the GUV. The resulting interactions between such Janus vesicles
have been observed to be highly directional, enabling control over the size and morphology of
vesicle clusters [42].

LUVs have also been functionalised with DNA linkers to study multivalent adhesion and
self-assembly. Bachmann et al [229] demonstrated that both the DNA melting temperature
and dissociation temperature of DNA-functionalised LUV aggregates increase monotonically
with linker concentration, which corresponds to a greater attractive combinatorial contribution
to the interaction free energy. However, both the DNA melting temperature and vesicle disso-
ciation temperature saturate at high surface coverage, which is likely due to steric interactions
between the DNA linkers; crowding effects in the LUV-LUV contact region hinder the binding
of complementary linkers between the two surfaces. Control over the kinetics of DNA-mediated
LUVs aggregation has also been demonstrated, relying on toehold-mediated strand displace-
ment (introduced in Section 1.3.3) to provide additional reaction pathways to the system [230].
By varying the relative abundances of interacting DNA constructs, this enabled the vesicle
aggregation rate to be tuned over more than one order of magnitude.

Beyond self-assembly phenomena, DNA linkers have also been used to induce fusion of lipid
bilayers. Flavier et al [46] designed a system in which SUVs fuse with lipid bilayers tethered to a
solid support. The vesicles initially adhere via the binding of complementary DNA constructs,
and the proximity of the vesicle to the supported lipid bilayer results in lipid mixing and fusion,
as depicted in Figure 1.8c. In this case, the DNA constructs do not feature spacers (as is the
case for adhesion-inducing linkers), and the sticky ends are designed to bind in a “zipper-like”
configuration to bring the lipid membranes close to each other. This system was used to model
the formation of the SNARE four-helix bundle that mediates synaptic vesicle fusion, and it was
observed that anchors that span the bilayer increase the efficiency of full fusion compared with

anchors that only span the outer leaflet.

Theoretical modelling of DNA-mediated multivalent interactions

As well as experimental implementations of DNA-functionalised biomimetic membranes, these
systems have been simulated and studied from a theoretical standpoint using various ap-
proaches. Ref. [34] provides a review of equilibrium statistical-mechanical models of DNA-
mediated multivalent interactions, which are applicable to systems where the linkers remain in
thermal equilibrium. The models in Ref. [34] derive the multivalent free energies between two
linker-functionalised interfaces through Boltzmann averages over all possible binding configu-
rations, thus taking entropic contributions (which play a key role in multivalent interactions)
into account. For each binding configuration, the multivalent free energy is a sum of the total

hybridisation free energy of a given number of bound complementary linkers, along with addi-

40



tional contributions such as the entropic cost of confining a given number of mobile linkers in
the contact region between the two interfaces, and any configurational restrictions experienced
by the linkers in the contact region. Both fluid interfaces (with mobile linkers that can diffuse
laterally) and solid interfaces (with linkers tethered to fixed positions) are considered, as well
as different interface geometries including finite particles and infinite planes. The models also
extend to the self-assembly and collective behaviour of many-particle systems.

For example, a statistical-mechanical approach was employed by Di Michele et al [48] to in-
vestigate the biophysics of passive endocytosis. This was achieved by modelling the multivalent
interactions between a rigid particle representing a virus or parasite, and a deformable mem-
brane representing a cell membrane. The model demonstrated that a particle functionalised by
fixed linkers is more easily wrapped by the membrane, compared with a particle with mobile
linkers; wrapping of the latter tends to be incomplete, due to recruitment of the linkers within
the adhesion regions. However, the introduction of excluded volume interactions limits the
local concentration and accumulation of mobile linkers, thus facilitating complete wrapping.

Altogether, investigations into the behaviour of DNA-functionalised biomimetic membranes
have elucidated key biophysical principles of biological phenomena such as cell adhesion, mem-
brane fusion and endocytosis. The specificity and programmability of DNA makes it a powerful
and versatile tool for engineering multivalent systems, and the design of novel DNA nanostruc-

tures continues to contribute to the ever-expanding functionalities of artificial cellular systems.

1.3.5 Locomotion facilitated by DN A nanotechnology

The topic of engineering synthetic components capable of locomotion is a common goal to the
fields of DNA nanotechnology and synthetic biology. Autonomous locomotion, or the ability to
move without the necessity for external changes such as the addition of chemicals to trigger each
step, is of particular interest. As well as modelling locomotion in biological systems, synthetic
autonomous locomotion has potential for applications in drug delivery [231, 232, 233]; biosensing
and diagnostics [234, 235]; micro- and nanorobotics [236, 237]; and much more. In this section,
I review designs of DNA nanomachines known as “DNA walkers” that are capable of moving
along nucleic acid tracks, along with implementations of artificial cell motility mediated or

facilitated by DNA nanotechnology.

DNA walkers

DNA walkers are nanomachines comprised of DNA that are capable of motion over 2D or
3D tracks, akin to the motion of dynein and kinesin motor proteins along microtubules in
cells [238]. Further functionalities can be programmed into DNA walkers, such as the ability
to carry molecular cargo and deposit them at their target destinations [232], and the ability
to perform DNA-templated synthesis [239]. Directional locomotion is typically achieved with
burnt-bridges Brownian ratchet mechanisms, where the walker attaches to a binding site on the
track, followed by a transformation step that diminishes the affinity of the binding site, thus

breaking symmetry and biasing motion towards an adjacent unoccupied binding site. This can
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be driven by a variety of mechanisms, including DNA hybridisation and strand displacement
reactions [180, 232, 240, 241]; enzymatic activity [181]; chemical stimuli such as changes in
pH [242]; and photolysis [243].

The term “DNA walker” was first coined in 2003 by John Reif [244]|, who designed two
theoretical DNA walkers that were capable of autonomous, random motion along a circular
strand of ssDNA while rotating; the designs achieve motion via distinct mechanisms. The
first design (referred to as “walking DNA”) moves as a result of enzymatic activity. At each
step, the bipedal DNA walker is ligated to the next anchorage point on the ssDNA path, then
cleaved from the previous one by a restriction endonuclease; Reif’s group went on to achieve the
first experimental implementation of an autonomous DNA walker in 2004 [181], based on this
enzyme-driven design. The second design (referred to as “rolling DNA”) moves as a result of
DNA hybridisation. In this case, the “wheel” structure of the DNA walker binds to the circular
ssDNA path, and subsequently rolls along the path by binding and unbinding of base pairs in
the hybridised region at the leading and trailing ends respectively. The binding and unbinding
of base pairs is either left to occur spontaneously, or accelerated via toehold-mediated strand

displacement triggered by additional “fuel” strands of DNA.

Since then, many designs for DNA walkers driven by strand displacement cascades have
been generated [180, 232, 240, 241]. In 2008, Yin et al presented an autonomous bipedal DNA
walker comprised of a duplex “torso” and two identical walker “legs” [241]; the walker is capable
of stochastic motion along a short, linear DNA track consisting of hairpin structures arranged
at regular intervals along a nicked duplex. The walker binds to the hairpins, causing them to
open to form fully hybridised duplexes with the walker legs. An additional DNA fuel strand
in bulk then catalyses the displacement of the walker legs from the track and prevents them
from re-binding to previously-bound sites. This induces the walker to move via a foot-over-foot
gait, unidirectionally along the track. The mechanism driving the motion of this DNA walker

is illustrated in Figure 1.9a, and forms the basis of the burnt-bridges mechanism in Chapter 4.

With the introduction of DNA origami, larger and more complex DNA walkers systems
have been designed. For example, polyvalent walkers (i.e. with three or more legs) have
been designed with the aim of improving on the limited processivity of uni- or bipedal walk-
ers, which typically can only take a limited number of steps [247, 248]. Lund et al designed
three-legged DNA walkers referred to as “molecular spiders” that move at an average speed
of 3nm per minute over a 2D DNA origami landscape, driven by DNAzyme activity [249].
The walker achieves directionality by sensing trails of recognition elements on the origami, and

)

autonomously carrying out sequences of actions such as “start”, “follow” and “stop”. Gu et al
designed DNA walkers that, along with three legs for stepping over an origami tile, featured
three additional “hands” to collect cargo at specific locations along its track [250]. Furthermore,
DNA walkers have been constructed from DNA origami, to investigate the effect of the shape
and flexibility of the walker on its motion, as well as the number and distribution of legs [245].
Optimisation of these parameters led to the design of DNA origami-based walkers that can roll

over micron-scale distances at speeds of up to 100nm per minute, such as the DNA origami
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Figure 1.9: Various designs for DN A walkers capable of autonomous locomotion
have been implemented. In (a), a bipedal DNA walker steps in one direction along a
DNA track, as a result of successive stages of toehold-mediated strand displacement (figure
adapted with permission from Ref. [241]). In (b), a DNA origami motor rolls over an RNA-
functionalised substrate as a result of enzymatic cleavage (figure adapted with permission from
Ref. [245]). In (c), the DNA-functionalised “lead” vesicle performs a random walker over an
RNA-functionalised substrate, leaving a track of activated RNA “fuel” as a result of enzymatic
activity; the “follow” vesicle then moves along the path of activated fuel, again due to enzymatic
activity (figure adapted with permission from Ref. [246]).

motor schematised in Figure 1.9b [245].

Motility of DN A-functionalised nanoparticles and artificial cells

A natural extension of polyvalent DNA walkers is the functionalisation of nanoparticles with
numerous strands of DNA to impart motility. Khalid Salaita’s group have modified nano- and
microparticles with thousands of DNA strands [251, 252, 253|; the particles bind to a substrate
modified with complementary RNA, and then roll along the substrate at speeds of up to 5 um
per minute [251]. The motion is driven by the action of RNase H, a ribonuclease enzyme that
cleaves the phosphodiester bonds of RNA in RNA-DNA duplexes. Cleavage of RNA in the
particle tracks results in the particles moving in a self-avoiding manner. Interestingly, the par-
ticles were observed to undergo Lévy-type motion, with bursts of speed punctuated by periods
of slower motion; the authors rationalised this with stalling of the particle while all proximal
RNA sites are consumed, before the particle is free to take a step [253]. Unidirectional motion
was achieved by spatially patterning RNA into 3 ym-wide tracks, before hybridising the parti-
cles to the patterned RNA; a subset of particles were observed to move unidirectionally along
the tracks, although other particles became entrapped, either due to RNA cross-contamination
of regions outside the tracks, or self-entrapment in regions of cleaved RNA [251].
DNA-mediated unidirectional motion of nanoparticles has also been implemented by Cha

et al [254], who designed a DNA-functionalised nanoparticle that binds to and moves along an
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RNA-decorated nanotube track. In this case, the DNA constructs feature a DNAzyme moiety
that drives the motion by cleaving hybridised RNA strands. Furthermore, the particle motion
could be controlled by adjusting the concentration of metal cations; for instance, in the absence
of metal cations, the DNAzyme moieties could no longer catalyse RNA hydrolysis, such that
the particles could no longer move.

DNA nanotechnology has also been used to impart motility in synthetic biological systems,
by functionalising artificial cells with DNA nanostructures. A mechanism for the RNase H-
driven motion of DNA-functionalised SUVs along RNA-decorated filaments was proposed by
Kerstin Gopfrich’s group, relying on a burnt-bridges mechanism to cause the SUV to travel
along the filament in one direction [255]. This is reminiscent of the previously mentioned
system engineered by Cha et al [254]; these systems mimic the active vesicle transport by
cytoskeletal motor proteins along microtubules within cells [238|.

Jong Hyun Choi’s group demonstrated a synthetic vesicle system in which DNA-
functionalised LUVs chase one another over an RNA-modified substrate; a schematic of the
system can be seen in Figure 1.9¢ [246]. Again, the LUV motion is driven by the action
of RNase H, which cleaves RNA-DNA duplexes. The “lead” vesicle initially moves over the
substrate, leaving behind it a trail of “activated” RNA that has been cleaved. The “follow”
vesicle is modified with DNA constructs that are complementary to the activated RNA, such
that the follow vesicle experiences a strong bias towards activated regions of the substrate
and follows the tracks of the lead vesicle. The system thus exhibits behaviour akin to the
chemotaxis of white blood cells as they chase infectious pathogens [256]. The Choi group also
applied mean squared displacement (MSD) to study the trajectories of DNA-functionalised
SUVs or particles [257], observing four distinct migration modes: ballistic, Lévy, self-avoiding
and diffusive motion; a given vesicle can switch between different migration modes along its
trajectory. It was found that a particular migration mode can be promoted or suppressed with
changes in cargo sizes and strand designs. For example, smaller particles are attached to the
RNA-functionalised substrate by fewer linkages, which accelerates the cleavage process and

leads to faster kinetics.
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1.4 Objectives and structure of the thesis

The objective of this thesis is to engineer artificial cell systems that are capable of multivalent
adhesion, motility and haptotaxis, with the goal of mimicking biological cell behaviour and
investigating the biophysics of multivalent interactions. DNA nanotechnology is employed
as the tool to impart these functionalities, as its specificity and programmability allows
for precise control over the multivalent system. Furthermore, lipid vesicles are chosen as
the biomimetic cell model, due to their structural similarity to the biological cell and its

phospholipid membrane.

Chapter 2 summarises the main materials, experimental methods and data analysis

pipelines used throughout this PhD.

Chapter 3 presents a system in which vesicles adhere to substrates wia multivalent
interactions mediated by numerous DNA linkers; the reversibility of linker binding allows the
vesicle to gradually diffuse over the substrate, in a passive form of motility. In particular, I
study the motion of vesicles over regions of the substrate featuring a surface density gradient
of DNA linkers, using a combination of experiments, theory and numerical modelling. A key
finding is that the vesicles preferentially drift towards higher DNA densities, constituting
a simple form of haptotaxis. The vesicle drift velocity is shown to depend on the binding

strength of individual DNA linker pairs, and the size of the vesicle relative to the gradient.

In Chapter 4, I present an active adaptation of the vesicle motility system, with the goal
of improving on the vesicle mobility of the passive system. Here, a burnt-bridges mechanism
is incorporated, such that the vesicle leaves a path of “burned” DNA linkers on the substrate
in its wake. A reaction-diffusion model is fitted to experimental data, to verify and investigate
the mechanism, and to help design subsequent motility experiments. The updated mechanism
enables the implementation of vesicle motility systems at lower linker densities, thus achieving
an order-of-magnitude increase in vesicle speed. Furthermore, the vesicle mobility is shown
to increase with increased rate of bridge-burning. Finally, the direction of the motion
relative to the surface density gradient of DNA on the substrate is investigated to determine if

there is scope for improving on the haptotactic drift velocities achieved with the passive system.
Finally, Chapter 5 presents a summary of the key findings of this thesis, before offering

ideas for future research avenues on the topic of artificial cell motility in multivalent adhesion

systems.
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Chapter 2

Materials, Methods and Software

This chapter summarises the materials, experimental methods and data analysis pipelines used

throughout this work.

2.1 Manufacturing DNA nanostructures

2.1.1 Design and reconstitution of DNA oligonucleotides

All DNA nanostructures were designed using the nucleic acid suite NUPACK [258]; the struc-
tures and strand sequences are listed in Appendix A. DNA oligonucleotides with 5’-cholesteryl
modifications were purchased from Eurogentec, while all other oligonucleotides were purchased
from Integrated DNA Technologies. Strands with modifications were purified via high perfor-
mance liquid chromatography (HPLC), while unmodified strands were purified by standard de-
salting; purification was carried out by the suppliers. The DNA strands were shipped lyophilised
and reconstituted to a concentration of approximately 100 uM in 1xTris-EDTA (TE) (10 mM
Tris+1mM EDTA, pH 8.0; Sigma-Aldrich) buffer. Note that the buffer had been filtered prior
to reconstitution of the DNA, using 0.22 um pore poly(ether sulfone) filters (Millex). The
concentration of the reconstituted DNA was determined via UV-vis spectrophotometry on a
Thermo Scientific NanoDrop One. Stock solutions of DNA were then stored at —20°C.

2.1.2 DNA nanostructure self-assembly

For each DNA construct, the constituent strands were mixed in a stoichiometric ratio to a final
concentration of 2 uM in 1xTE buffer with 100 mM NaCl (BioUltra, >99.5%; Sigma-Aldrich).
Self-assembly of the DNA nanostructures was achieved via thermal annealing on a Bio Rad
C1000 Thermal Cycler; the strand mixture was first heated to 90°C for 5 minutes to ensure
melting of all DNA duplexes, and then cooled to 20°C at a rate of —0.5°C min~!. Self-assembled

DNA constructs were characterised via agarose gel electrophoresis, and stored at 4°C.

47



2.1.3 Agarose gel electrophoresis

Gels were prepared by mixing agarose (Sigma-Aldrich) at a concentration of 3% (w/v) in
1 x Tris-borate-EDTA (TBE) buffer (89mM Tris-borate, 2mM EDTA, pH 8.3; ThermoFisher
Scientific). The mixture was dissolved by heating in a microwave. 10,000xSYBR Safe DNA
gel stain (APExBIO Technology LLC) was added at 0.01% (v/v) concentration and gently
dissolved through swirling. The mixture was cast to a thickness of approximately 5 mm and left
to set for one hour. The gel was then placed in an electrophoresis chamber and covered with
IxTBE buffer. 10 ul samples containing ~300ng DNA and 1xTracklt Cyan/Yellow loading
buffer (ThermoFisher Scientific) were loaded into the gel. The two outer wells were loaded
with Ultra Low Range DNA ladder (ThermoFisher Scientific), to enable comparison with the
DNA samples. The gel was run for 90 minutes at 120V (electric field strength of 6 Vem™)

and then imaged using a Syngene Dyversity 4 gel imager with a UV lamp for illumination.

2.2 Generating DNA-functionalised vesicles

2.2.1 Preparation of giant unilamellar vesicles

GUVs were produced via electroformation, a common method of vesicle generation [141].
All lipids were purchased from Avanti Polar Lipids Inc. unless specified otherwise. DOPC
was dissolved at 1mgml~! in chloroform (Sigma-Aldrich). For imaging purposes, 1mol% of
fluorescent lipid was also added to the solution; depending on the experiment, either 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)  (ammonium
salt) (NBD-PE) or 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine
B sulfonyl) (ammonium salt) (18:1 Liss Rhod PE) was used. 30ul of this solution was
spread evenly on an indium tin oxide (ITO) slide (Sigma-Aldrich) with a surface resistivity
15-25€Qsq~ . The slide was vacuum-desiccated for 30 minutes to remove residual chloroform,
resulting in a lipid film.

A 5 mm-thick polydimethylsiloxane (PDMS) spacer with a central cut-out was sandwiched
between this film and another ITO slide to create a chamber, and the chamber was filled
with a solution consisting of 300 mM sucrose (Sigma-Aldrich) in MilliQ water. 50 uM calcein
(Sigma-Aldrich) was optionally included in the solution, to aid fluorescence imaging and vesicle
segmentation during image analysis.

A TG315 function generator (Aim-TTi) was used to apply an alternating electric field at
a peak-to-peak voltage of 1.5V across the I'TO slides at 10 Hz for two hours, followed by one
further hour at 2 Hz. During this time, the chamber was left in a 60°C oven to ensure that the
lipid was in the fluid phase. Finally, the chamber was opened and the resulting vesicles were

collected.
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2.2.2 Functionalisation of vesicles with DINA constructs

GUVs were functionalised by incubating the vesicles with cholesterolised DNA constructs. A
sample was prepared with 20v/v% 2 uM DNA constructs in 1xTE and 100 mM NaCl buffer,
11v/v% GUVs (prepared via electroformation) in 300 mM glucose solution, and 69v/v% “cor-
rection buffer”. This correction buffer consists of 116 mM NaCl, 78.2 mM glucose and 1.16xTE
buffer, and was included to match the osmolarity of the interior and exterior of the GUVs and
thus to prevent osmotic-shock-induced rupture, while tuning the concentrations of NaCl and
TE in the sample to 100 mM and 1x, respectively. The sample was left to incubate on a roller
mixer overnight. During this time, the amphiphilic cholesterol molecules self-insert into the
lipid bilayer, and the use of a double cholesterol anchor ensured irreversible attachment of the
DNA construct to the outer leaflet of the vesicle membrane.

After incubating overnight, the vesicle sample was washed to remove excess DNA constructs
remaining in bulk solution. This was achieved by centrifuging the sample at 1600 rpm for 90 sec-
onds to draw the vesicles towards the bottom of the sample, and then replacing approximately
90% of the eluent with an iso-osmolar solution consisting of 100 mM NaCl and 87mM glucose
in 1xTE buffer. The washing process was carried out at least three times. To check that the
vesicles had been successfully functionalised and the lipid membranes were saturated with DNA
constructs, the vesicles were prepared with fluorescently-tagged lipids and DNA constructs, and

imaged wvia epifluorescence and confocal microscopy.

2.2.3 Preparation of vesicle samples for microscopy imaging

Vesicle samples were visualised using fluorescence microscopy, as detailed in Section 2.5. To
aid the imaging process, vesicle samples were optionally diluted with an iso-osmolar solution of
300mM glucose (Sigma-Aldrich) in MilliQ) water, such as in a 1:10 ratio of vesicles to glucose
solution. This reduces crowding of vesicles in images, and introduces a density difference which
causes the vesicles to settle at the bottom of the viewing chamber, as well as a refractive index
contrast to enable viewing in brightfield.

Vesicles were either imaged on glass slides or in well plates. For the former, a PDMS spacer
was attached to the glass slide to form a chamber; the vesicles were then carefully pipetted
into the chamber, and the chamber was covered with a glass coverslip to prevent evaporation.
When imaging in well plates, the vesicles were carefully pipetted into the wells, and the well
plate was sealed with a transparent adhesive foil (Sarstedt Ltd). In samples with a density
difference between the vesicle interior and exterior, the vesicles were allowed to sink for at least

15 minutes before image acquisition.
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Figure 2.1: Schematic of the method used to generate DNA-density gradients ad-
hered to a substrate. A droplet of biotinylated DNA solution is applied to the bottom
surface of a streptavidin-coated well, resulting in DNA adhering to a circular region within the
well (as described in Section 2.3.1). At the perimeter of the circular region there is a steep
gradient in surface density of DNA, depicted in the inset; the density of DNA can be visualised
by exciting fluorescence in the Alexa Fluor 488 fluorophore attached to the DNA constructs.

2.3 Functionalisation of substrates with DNA constructs

2.3.1 Generating DN A-density gradients attached to substrates

Various methods of generating surface density gradients of DNA attached to substrates were
considered and investigated, as discussed in Section 3.2.3. The method chosen for the following
vesicle motility experiments involved functionalising a small circular region of the substrate
with DNA, as schematised in Figure 2.1. This was achieved by depositing a 0.5 ul droplet
of 2uM DNA constructs in buffer solution (100mM NaCl+1xTE) on the substrate. The
DNA constructs are modified with biotin, allowing for covalent attachment to the substrate, a
streptavidin-coated high capacity 96-well strip plate (Sigma-Aldrich). The constructs were also
tagged with a fluorophore (Alexa Fluor 488) to enable fluorescence imaging of the DNA coverage
on the substrate. This was left to incubate for five minutes to allow the DNA constructs to
bind to the substrate. Excess DNA was then washed away by quickly rinsing the substrate with
buffer solution (100 mM NaCl and 1xTE). This left a small circular region on the substrate
coated with DNA constructs, with a steep DNA-density gradient at the perimeter of this region;
an example image of a well with a circular ligand-coated region is shown in Figure 2.2. See

Figure 3.5b for an example plot of a typical gradient profile.
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Figure 2.2: Fluorescence images of ligand coverage are normalised to account for
non-uniform illumination. (a) shows a microscopy image of a well, of which a circular
region has been functionalised with Alexa Fluor 488-tagged ligand constructs by the method
described in Section 2.3.1. the image is a composite of multiple fields of view stitched together:;
non-uniform illumination results in darkening of the fluorescence signal near the edges of each
field of view. (b) shows the same composite image after normalisation to account for the non-
uniform illumination; the images were normalised by the method described in Section 2.3.2.

2.3.2 Visualisation and characterisation of DINA-functionalised sub-

strates

The DNA coverage of substrates was imaged with epifluorescence microscopy (see Section 2.5),
exciting fluorescence in the DNA constructs tagged with Alexa Fluor 488. To account for non-
uniform illumination of the sample, the fluorescence images were normalised by a control image
taken within a non-functionalised well containing calcein solution; examples of images pre- and
post-normalisation are shown in Figure 2.2. A Gaussian filter with a standard deviation of 15

pixels (9.66 pm) was then applied to smooth and reduce noise in the image.

The ligand density in the maximum-density region of the wells was estimated by applying
a 0.5 pl droplet of 2 uM ligand solution (with the Alexa Fluor 488 modification) to the well for
five minutes, like in the gradient generation procedure. The supernatant was then diluted by a
factor of 200 by adding 99.5 ul of buffer solution (100 mM NaCl and 1xTE) and mixing with
a pipette. 80 ul of the diluted supernatant was extracted, and its fluorescence was recorded on
a BMG LABTECH CLARIOstar Plus microplate reader. To estimate the quantity of ligand
constructs that had been deposited on the substrate, the fluorescence of the diluted super-
natant was compared with the fluorescence of control samples i.e. 80 ul ligand solutions with
known concentrations (0nM, 0.1nM, 1nM, 5nM and 10nM) and the same buffer conditions
(100 mM NaCl and 1xTE). Note that all samples (including the sample with unknown ligand
concentration) were repeated four times to improve measurement accuracy; background signal
was removed from the fluorescence measurements by subtracting the average fluorescence in-
tensity of the control samples with OnM ligand concentration. A straight line was fitted to

the fluorescence of the control samples, to determine a calibration curve between ligand con-
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Figure 2.3: Calibration curve for determining ligand density from fluorescence mea-
surements. This calibration curve was generated and used as part of the method of estimating
the ligand density in the maximum density regions of wells in experiments, outlined in Sec-
tion 2.3.2. The plot shows the background-subtracted fluorescence signals of samples with
known bulk ligand concentrations (0, 0.1, 1, 5 and 10nM) in buffer solution (100 mM NaCl
and 1xXTE). A straight line has been fitted to the fluorescence measurements to establish a
calibration curve. The mean fluorescence intensity of the supernatant of a droplet of ligand

solution applied to a well (subsequently diluted by a factor of 200) is indicated with a blue
dashed line.

centration and fluorescence signal (see Figure 2.3). From this, it was deduced that the ligand
concentration of the supernatant of the droplet applied to the well (diluted by a factor of 200)
was 3.0nM, which corresponds to a loss of 70% of ligands from the droplet solution. Assuming
that this loss is entirely due to binding of ligands to the well within the droplet region, and an
approximate diameter of the droplet region of 4 mm, this corresponds to an estimated density
of pr.max = 0.33nm ™2 of ligands bound to the well within the droplet region.

Finally, the ligand density p; was estimated by interpolating between the background fluo-
rescence signal Iy and the maximum ligand-density fluorescence signal I,.x. Ip was measured
from a manually selected region within a non-functionalised well filled with buffer solution
(100mM NaCl+1xTE), while I, was calculated as the intensity averaged over a manually
selected area of the maximum density region of the well). The normalised fluorescence intensity
L orm Was thus converted to the ligand density as follows:

prL = MPLWM (2.1)

max ~
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2.4 Vesicle motility and burnt-bridge patterning experi-

ments

2.4.1 Applying vesicles to ligand-modified substrates

After functionalising GUVs and well surface with DNA, the vesicle sample was carefully pipet-
ted into the well (150 ul or 30 ul for the experiments in Chapters 3 and 4 respectively). After
being pipetted into the wells, the samples were left for at least 15 minutes to allow the vesicles
to settle to the bottom and adhere. For the experiments in Chapter 4, 70 ul of correction
solution containing the DNA fuel construct (F'), magnesium chloride (Sigma-Aldrich), potas-
sium chloride (Sigma-Aldrich), glucose and TE was added to the wells, to attain the desired
buffer composition (1xTE, 30mM NaCl, 15mM KCI, and MgCl, concentration specified by
the experiment) and concentration of fuel construct (again specified by the experiment) in the
bulk solution, while maintaining iso-osmolarity. The well plate was sealed with a transparent

adhesive foil to minimise evaporation of the sample, as well as evaporation-driven flows.

2.4.2 Time lapse imaging

A time lapse recording was then taken of the vesicle sample, typically over a duration of
10-15 hours at half- or one-hour intervals. Time lapses were recorded on an epifluorescence
microscope, making sure to adjust the focal plane to the vesicles for vesicle motility experiments,
or to the substrate for burnt-bridge patterning experiments (see Chapter 4). Depending on
the purpose of the experiment, the fluorescence channels were selected to image the DNA
coverage on the substrate, the fluorescently-tagged lipids in the vesicle membranes, or the
DNA with which the vesicle membranes were functionalised. Experiments were conducted at

room temperature.

2.5 Optical microscopy

Imaging was either conducted with bright-field or fluorescence microscopy. For the latter,
fluorescence was excited in the relevant fluorophores in the sample; see Table 2.1 for a list of
fluorophores used throughout this thesis, and their excitation and emission maxima (Ae; and

Aem respectively).

Table 2.1: Fluorophores and their excitation and emission maxima.

Fluorophore Aex / NM Aem / DM
NBD 460 535
Calcein 470 509
Alexa Fluor 488 492 517
Lissamine rhodamine | 560 583
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2.5.1 Epifluorescence microscopy

Unless otherwise stated, all epifluorescence microscopy was conducted on a Nikon Eclipse Ti2-E
inverted microscope. Two separate microscopes were used. One microscope was equipped with a
Hamamatsu C11440-22C camera; imaging was conducted using a Nikon CFI Plan Apochromat
Lambda D 10x dry objective (NA 0.45), with an image resolution of 0.64432 pm per pixel. The
other microscope was equipped with a Prime BSI Express A22E726095 camera; imaging was
conducted using a Nikon Plan Fluor 10x dry objective (NA 0.30), with an image resolution of
0.66116 pm per pixel. [llumination was provided by single-colour light-emitting diodes (LEDs).
When imaging the fluorescence signal from Alexa Fluor 488 or calcein, the sample was imaged
with a 470 nm LED and a 515/30 nm emission filter. When imaging the fluorescence signal from
18:1 Liss Rhod PE, the sample was imaged with a 555 nm LED and a 595/31 nm emission filter.
The microscopes were controlled via the Nikon NIS-Elements software, including automation of
complex image acquisitions involving multiple time points, fluorescence channels or microscope

stage positions.

2.5.2 Confocal microscopy

Confocal microscopy was performed on a Leica TCS SP5 Confocal microscope using a HCX
PL APO CS 63.0x oil-immersion objective (NA 1.40). Micrographs were recorded at a scan
speed of 400 Hz. 18:1 Liss Rhod PE was tracked using a He-Ne laser (543 nm) for excitation.

Alexa Fluor 488 was tracked using an Argon laser (488 nm) for excitation.

2.6 Tracking vesicle motion in time lapse recordings

2.6.1 Pre-processing image data

The time lapse recordings were first stabilised using the Image Stabilizer plugin on ImagelJ [259]
to mitigate unwanted effects of stage drift or inaccuracies in stage positioning. Typically the
stabilisation process was initially conducted on a manually-selected rectangular region contain-
ing an immobile object or feature (e.g. a fixed impurity in the sample); the logged stabilisation
coefficients were then used to apply the same stabilisation to the entire frame.

The remainder of the image processing was conducted in Python; key steps of the image
processing are highlighted in Figure 2.4. A top-hat transform was first applied to the image
data, to remove the non-uniform background fluorescence signal from the DNA coverage on
the substrate. Gaussian smoothing (with a standard deviation of two pixels) was applied to
the images for noise reduction. The images were then binarised, setting the threshold value
such that the fluorescent vesicles were discerned from the background signal. Morphological
opening operations were applied to the images to remove noise (i.e. bright specks in the dark
background signal), followed by morphological closing operation to further remove noise (i.e.

dark specks in the bright vesicles).
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Figure 2.4: Processing and segmenting microscopy images of vesicles. Example im-
ages highlighting some of the key stages of processing image data from vesicle motility ex-
periments, including background subtraction with a top-hat function and binarisation of the
image. The processing enables segmentation of the images via an automated process detailed
in Section 3.2.5, to identify vesicle positions within the frame; located vesicles are circled with
white rings in the final image.

2.6.2 Identifying vesicle trajectories

Vesicles were located in each frame of the time lapse recordings using a template-matching
method. Rather than directly applying template-matching to the binarised image data, the
image data were further processed by applying a distance transform, labelling each pixel with
the distance to the nearest dark pixel. The distance transform was applied to deal with issues
arising from segmenting polydisperse samples; this is further discussed in Section 3.2.5. The
distance transform of the vesicle template (also referred to as the kernel) was generated, pro-
viding a template which the matchTemplate function of the Python module was then used to
search for in the image data, identifying the approximate positions and radii of bright disks in

the original image data [260)].

To fine-tune the position and radius estimates to sub-pixel accuracy, a function-fitting ap-
proach was employed. A function was first defined to map the radius and centre position of
a bright disk in a two-dimensional image to the distance transform of the disk. The function

was then fitted to regions of the distance-transformed image data in which a vesicle had been
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Figure 2.5: Comparing the direction of vesicle motion to the direction of the DN A-
density gradient. The vesicle motion is split into components parallel and perpendicular to
the local direction of the DNA-density gradient on the substrate, via the method described in
Section 3.2.5.

located, thus providing fitted values for the size and position of the vesicle. Vesicles that were
measured to have a radius of less than one pixel were removed from the data set, to avoid
erroneous tracking of noise or impurities in the sample.

After locating vesicles in each frame of the time lapse data, vesicle trajectories were identified
by linking vesicle positions between successive frames. This was achieved using the Python
module Laptrack, which applies a linear assignment problem approach to link vesicle positions
between frames [261, 262].

Finally, for experiments studying the direction of vesicle motion over DNA density gradients,
the vesicle motion was split into components parallel and perpendicular to the local direction of
the gradient (see Figure 2.5). First, the directional derivative of the DNA density in the image
(estimated as described in Section 2.3.2) was computed; the resulting vector field described the
magnitude and direction of the density gradient at each point in the image. An example of a
ligand density gradient vector field superimposed on a fluorescence image of the ligand coverage
on a region of a substrate can be seen in Figure 2.6. The components of the vesicle velocities
parallel and perpendicular to the gradient direction were then measured by calculating the
vector dot and cross products (respectively) of the velocities with the unit vectors describing

the gradient directions at each vesicle position.

2.6.3 Filtering trajectory data to relevant regions of the substrate

The data was filtered to only include the trajectories of vesicles in relevant regions of the
substrate, which was either the DNA density-gradient region, or the uniform, maximum DNA
density region. This was achieved either by automated filtering of the images or by manual
selection. Automated filtering was conducted by identifying regions of the substrate with high
variation in DNA density (i.e. the DNA density-gradient region on the substrate). Manual

selection was conducted by using Python to display images of the DNA coverage on the substrate
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Figure 2.6: Plot of the DNA gradient vector field superimposed on a fluorescence
image of the ligand coverage. The fluorescence image of the ligand coverage was recorded via
epifluorescence microscopy, exciting the Alexa Fluor 488 modifications on the ligand constructs
attached to the substrate; the brightness of the green background corresponds to the local
density of ligands. The arrows indicate the local directions of the ligand density gradient
at evenly spaced points across the image. The arrow lengths are proportional to the local
magnitudes of the ligand gradient; a scale bar has been included to the right of the image.

overlayed with the identified trajectories; the boundary of the desired region was selected by
manually clicking on the image, using the ginput function of the Python module matplotlib to

store the selected points and then filtering the vesicle data to the selected region.

2.6.4 Mean squared displacement analysis and filtering of vesicle data

MSD analysis was applied to the vesicle data to study the diffusive motion of the vesicles, and
to subsequently filter vesicle data. The MSD for a given lag time 7 was calculated by slicing
the trajectory into sections of duration 7 and averaging the square displacement over these

sections, as follows:

(_Zn+1)7 - Fn7'>2 (2-2)



where T is the total recorded duration of the trajectory, and 7 is the position of the vesicle at
time ¢.

The MSD was plotted as a function of 7, to identify the type of diffusive motion. In general,
particles undergoing Brownian diffusion exhibit a linear relationship between MSD and lag
time [263, 264]. To gain an initial insight into the vesicle motion, straight lines were fitted to
the plots of MSD versus 7 with a least-squares approach, only taking into account values of
MSD that had been averaged over at least two trajectory slices. Non-negative constraints were
enforced on the intercept and slope of the fitted lines, as negative values would be non-physical
and possibly result from errors in the tracking process. Rough estimates of the vesicle diffusion

coefficients were extracted from the slopes of the fitted lines.
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Chapter 3

Haptotactic drift of multivalent vesicles

over ligand-density gradients

Multivalent binding interactions underpin numerous biological cellular processes, such as cell
adhesion |9, 19], signalling [22] and migration [20]. The accumulated strength of multiple bonds
is enhanced in comparison to the individual binding interactions, which may themselves be weak
and labile. In some cases, the adherent cell undergoes directed motion, such as the diffusion of
the Influenza A |71, 72] and Herpes [73] viruses along the host cell membrane prior to invasion.
Despite relevant studies of directed motion occurring in low valency systems [265, 266], the
biophysics of directed motion of adherent cells mediated by multivalent interactions remains
largely unexplored. In particular, the relative importance of factors such as binding strength
and the size of the adhering cell or particle on the haptotactic motion is yet to be clarified.

In this chapter, these questions are addressed using a combination of experiments, numerical
modelling and theory. The experiments were conducted on a biomimetic model system consist-
ing of GUVs as synthetic cellular mimics. The GUVs interact with a solid substrate through
multivalent adhesion mediated by binding interaction between receptors attached to the GUV
membranes, and ligands attached to the substrate. The receptors and ligands were built from
synthetic DNA constructs which interact through selective base-pairing interactions; this en-
abled precise control over the affinity and kinetics of receptor-ligand binding [34, 40, 267|. The
motion of vesicles over ligand-density gradients on the substrate was tracked, and a directional
drift of the vesicles towards regions of higher ligand density was observed. The vesicle drift ve-
locity was found to be approximately proportional to the unbinding rate of the receptor-ligand
bridges, in agreement with theoretical considerations. A positive correlation was also observed
between the vesicle size and drift velocity. Coarse-grained simulation based on the model de-
veloped in Ref. [268] produce consistent trends in vesicle motion when varying receptor-ligand
affinity and vesicle size.

All work in this chapter has been done by me unless otherwise specified. Theoretical and
numerical work in Section 3.3 has been done by Prof. Bortolo Mognetti, to which I contributed

through discussion by informing on experimental parameters and findings.
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Figure 3.1: Schematic of the experimental vesicle motility system. A giant unilamellar
vesicle (GUV) functionalised with DNA “receptor” constructs interacts with a surface density
gradient of complementary DNA “ligand” constructs attached to a substrate. Double-cholesterol
anchors are used for anchoring the constructs to the GUVs, while biotin-streptavidin connec-
tions are used for the substrate. The sticky end sequences for the receptor construct are shown
in the inset, for systems with sticky end length | =5-7nt.

3.1 Overview of the vesicle motility system

Lipid vesicles were chosen as the biomimetic platform with which to study adhesion and motility
in multivalent systems, due to their structural similarity to biological cells (i.e. a fluid compart-
ment surrounded by a lipid bilayer). Meanwhile, DNA nanotechnology was used to incorporate
adhesive interactions into the system, as the programmability of DNA-DNA interactions allows

precise tuning of the resulting multivalent interaction strength and dynamics.

A schematic of the DNA-vesicle motility system is shown in Figure 3.1. Vesicles are func-
tionalised with DNA constructs, here referred to as “receptors” to evoke their biological counter-
parts. The receptors feature a double cholesterol anchor that irreversibly partitions within the
lipid bilayer. [34, 221] As the lipid bilayers of the vesicles are fluid, the receptors can diffuse lat-
erally and redistribute across the surface of the GUV. The receptors interact with a second set
of DNA constructs, here referred to as “ligands”, which feature a biotin moiety for anchoring to
a streptavidin-coated substrate. The receptor and ligand constructs feature complementary ss-
DNA sticky ends with lengths [ ranging from five to seven nucleotides (nt), which can reversibly
bind to each other, forming bridges that anchor the vesicle to the substrate. The receptor and
ligand constructs also feature rigid dsDNA spacers designed to control their spatial extent, and

short poly-T domains to increase the flexibility and configurational freedom [34].

Despite the relatively weak binding between individual receptor-ligand pairs, the combined
multivalent adhesion strength anchors the vesicle to the substrate. At any given point in time,

the region on the substrate over which the vesicle can move is limited by the current set of
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receptor-ligand bridges, as the bridges are constrained to remain inside the perimeter of the
circular contact patch between the GUV and the substrate. Therefore, the vesicle rattles (due
to Brownian motion) around the subset of ng, “constraining bridges (CBs)” that can make
direct contact with its perimeter; in Ref. [268] it was found that (n.,) = 5 in the limit of a large
number of bridges. However, the reversibility of receptor-ligand binding means that the vesicle
is not permanently limited to rattle around the same limited region of the substrate; upon
breakage of one of the CBs, the vesicle is able to explore an extended region on the substrate,
before its motion is again constrained upon bridge formation and reconfiguration of the subset
of CBs. The motion of the vesicle can thus be decomposed into two components [268]: the
rattling of the particle around the current CBs at short timescales, and the gradual diffusion
of the particle over longer distances at larger timescales.

The presence of a ligand-density gradient introduces a directional component to the stochas-
tic motion of the vesicle. As discussed, the motion of the vesicle is limited by the set of bridges,
in particular the constraining bridges that can make direct contact with the perimeter of the
contact region. Assuming that receptors diffuse across the vesicle membrane and rearrange
much faster than the timescales of vesicle motion, the probability of binding any given ligand
under the vesicle is approximately equal. However, as there is a gradient in the distribution of
ligands, a bridge is more likely to form on the side of the vesicle facing up the gradient (i.e.
towards higher ligand density). Over time, the bias for bridges to form on the side of the vesicle
facing up the gradient leads to the gradual migration of the set of CBs up the ligand-density
gradient. This results in a directional bias of the diffusive motion of the vesicle along the

gradient towards higher ligand densities.

3.2 Setting up the experimental system

3.2.1 Designing and verifying the DNNA constructs

All DNA constructs were designed using the nucleic acid suite NUPACK [258]; the structures
and sequences of all DNA constructs in this chapter are listed in Tables A.1 and A.2. The
strand sequences were first designed using the NUPACK Design tool, and then passed through
the Analysis tool to ensure that there were no unwanted secondary structures or significant
self-complementarity of the sticky ends. The sequences for the sticky ends of varying lengths
[ =3-10nt were chosen such that the melting temperatures of complementary sticky ends in
bulk solution under experimental conditions were (approximately) evenly spaced apart.

Formation of the desired nanostructures were experimentally verified with agarose gel elec-
trophoresis. First, individual ligand and receptor constructs with sticky end lengths [ =3-10nt
were assembled wvia the annealing process detailed in the Methods. The samples were run
through agarose gel electrophoresis; in Figure 3.2a, all sample bands are located between 35 bp
and 50 bp of the reference DNA ladder, as expected. No other bands are significantly visible,
indicating minimal excess strands or unwanted dimerisation of constructs.

Next, binding of complementary ligand and receptor constructs and the effect of varying
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Figure 3.2: Agarose gel electrophoresis confirms the successful formation of receptor
and ligand constructs, and binding of complementary sticky ends. Gel results for
individual ligand and receptor constructs are shown in (a), while gel results for samples of
ligands and receptors incubated together overnight are shown in (b); reference ladder bands
are displayed in the outer two lanes. Results are shown for sticky end lengths [ =3-10nt.

[ on the binding strength was investigated. Complementary ligand and receptor constructs
were incubated together overnight at equal concentrations of 2uM; the mixed samples were
also run through agarose gel electrophoresis. The gel results in Figure 3.2b show that for some
samples, a significant second band appears between 75bp and 100 bp of the reference DNA
ladder. This indicates the desired formation of a larger construct consisting of a ligand and
receptor bound together. As [ increases, the intensity of the band corresponding to the larger
structure increases, while the intensity of the band(s) corresponding to the individual ligand
and receptor constructs decreases. This implies that as [ increases, the proportion of ligands
and receptors bound together also increases, which is as expected as the binding strength
between complementary sticky ends has increased. Smearing of the bands and increase in the
apparent size of the larger construct with increasing [ is most likely due to the reversible binding
and unbinding of complementary sticky ends during the gel electrophoresis process, leading to

variations in the velocities of individual constructs.

3.2.2 Functionalising vesicles with DNA constructs

GUVs were prepared from DOPC by electroformation, which produced polydisperse GUV sam-
ples with diameters typically ranging between 1-50 pum; the size distributions of experimental
vesicles can be seen in Figure 3.3b. GUVs were chosen (as opposed to SUVs or LUVs) as
their relatively large size increases ease of visualisation via microscopy imaging. The vesicle
membranes were doped with 1mol % NBD-PE, allowing the vesicle samples to be visualised
with fluorescence imaging. After the vesicle samples were verified to be of sufficient quality,
the vesicles were functionalised with DNA receptor constructs, as described in the Methods.

The density of receptor constructs in the vesicle membrane was estimated to be approximately
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Figure 3.3: The receptor-functionalised GUV samples are polydisperse and capable
of adhering to ligand-coated substrates. (a) shows a cross-sectional image of two vesicles
recorded on a confocal microscope by exciting fluorescence of the fluorophore-modified ligand
constructs attached to the vesicle membranes; the fluorophore is Alexa Fluor 488. (b) shows the
size distributions of vesicles recorded in the vesicle motility experiments presented in this chap-
ter, for the three sticky end length systems (I = 5, 6 and 7nt); the vesicle sizes were measured
from microscopy image data during the automated tracking process outlined in Section 2.6.
Note that the size distribution data has been filtered to only the mobile population; data for
all vesicles is shown in Figure C.2 in the Appendix. (c) shows a confocal cross-sectional image
of a receptor-functionalised vesicle adhered to a ligand-coated substrate, where the vesicle has
formed a flat adhesion patch; to record this image, fluorescence was excited in the rhodamine-
tagged lipids within the vesicle bilayer.

0.008 nm~—2, by calculating the ratio of DNA to lipid molecules during the DN A-functionalisation
of GUVs, and assuming 100% efficiency of GUV synthesis, as well as an average area per DOPC
head group of 72.5 A2 [269]. To check that the method of attaching the receptors to the vesicle
membranes was successful, the receptors were tagged with a fluorophore (Alexa Fluor 488),

allowing for fluorescence imaging of the DNA-functionalised vesicles such as in Figure 3.3a.

3.2.3 Establishing a method for generating substrate-bound molecu-

lar density gradients
Various methods of generating ligand-density gradients on substrates were experimented with,
before settling on the method outlined in Section 2.3.1. In this section, some of the key ideas

for gradient generation that were considered are discussed, along with the thought process that
led to the final method.
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Preliminary ideas: microfluidic designs

One initial idea for generating substrate-bound molecular density gradients was to generate
a concentration gradient of ligand molecules in bulk solution, which would then translate to
a surface density gradient as the ligands bind to the substrate; this idea would be applicable
to systems where the time scale of generating the concentration gradient in bulk solution is
short in comparison with the time scale of attachment of the ligands to the substrate. There are
numerous methods of generating concentration gradients in bulk solution in the literature, many
of which involve the use of microfluidic devices that manipulate fluid flows through micron-
scaled channels. For example, in Ref. [270], a microfluidic design was developed to generate
concentrations of avidin in solution, which then adsorb to the underlying substrate to form
surface-bound density gradients. This design consisted of a tree-like network, in which streams
of two different solution are repeatedly split and recombined to generate tunable gradient
profiles. Similar tree-like microfluidic devices for concentration gradient generation has also
been presented by Noo Li Jeon [271, 272, 273].

Another microfluidic approach reported in literature is to generate concentration gradients
as a result of diffusion. Typically, these microfluidic designs involve flowing two different so-
lutions through separate channels; the channels are connected by a chamber in which there
is minimal convection flow, allowing for gradual diffusion of the solutions between the two
channels. Convection flow in the connecting chamber is minimised by a combination of pres-
sure balancing between the two channels, and optionally with the addition of membranes or
hydrogels to further minimise flow. Multiple examples of such designs have been presented
in the literature, capable of generating complex spatio-temporal gradients in both 2D and
3D [274, 275, 276, 277, 278, 279|.

For the purpose of experimental work in this chapter, an attempt was made at designing
a microfluidic device capable of generating concentration gradients in solution as a result of
diffusion, closely based on the microfluidic device presented in Ref. [274]; a schematic of the
design can be seen in Figure 3.4a. However, experiments with early prototypes suffered from
difficulties with fine-tuning the pressure balance in the device, resulting in undesired convection
flow in the diffusion chamber. This was partly due to the use of syringe pumps to drive flows in
the microfluidic device; these generate less precise flow rates than microfluidic pressure pumps,
which were not available in the laboratory at the time. The microfluidic designs also would
have needed to be optimised to increase ease of balancing pressure and reducing risk of air
bubble formation. Due to these technical challenges, the decision was made to pursue simpler
alternative solutions for gradient generation.

Continuing with the theme of generating gradients as a result of diffusion, an attempt
was also made at designing a microfluidic device consisting of two solutions contained within
separate static reservoirs, connected by a chamber through which the solutions can diffuse with
minimal convection flow; a schematic of the microfluidic design can be seen in Figure 3.4b.
Similar devices for gradient generation have been presented in Refs [280, 281, 282]. However,

prototypes of this design suffered from similar issues with unwanted convection flows in the
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Figure 3.4: Preliminary microfluidic designs for generating molecular gradients. (a)
shows a schematic of a microfluidic design for generating a concentration gradient in solution;
two different solutions are flowed through separate channels, connected by a gradient channel
through which the solutes can diffuse, generating concentration gradients. (b) shows a schematic
of a design in which two static reservoirs filled with solutions are connected by a channel,
through which the solutes can diffuse, generating concentration gradients. (c) shows a schematic
of a design in which a solution is flowed through a channel, allowing the solute to gradually
adsorb to the bottom of the channel and generate a surface density gradient. Epifluorescence
microscopy images of streptavidin surface-density gradients generated using this method are
included, where fluorescence has been excited in the Texas Red modification on the streptavidin;
the panels show the gradient profiles generated when using different flow rates. The microscopy
images have been constructed by stitching multiple fields of view together; they are displayed
with the same brightness and contrast settings.

diffusion chamber due to small amounts of air left in the reservoirs.

Preliminary ideas: gradual exposure of the substrate to the coating substance

An alternative theme of surface density gradient generation entails gradual exposure of the
substrate to the coating substance. For example, Ref. [283| presents a simple approach for
fabricating surface density gradients by gradually immersing the substrate in a dilute solution
of the coating substance. Due to the variation of exposure time to the coating substance
along the substrate, this results in a density gradient in the coating. This methodology offers
advantages in reproducibility and control over the gradient profile. Another approach was
presented in Ref. [284], in which elastomeric stamps with curved surfaces were coated in a
substance and then gradually pressed on a substrate; as the stamp is compressed, more of its

surface touches the substrate, and the coating substance is deposited on the substrate with
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a corresponding surface gradient. It was observed that this method is capable of generating
micron-scaled gradients with a gradient steepness 1-3 orders of magnitude higher than those
generated using diffusion-based techniques [284]. A third example of such a design was presented
in Ref. [285], in which a protein solution is flowed through microfluidic channels; as the solution
travels through the channels, the fluid is gradually depleted of proteins as they adsorb onto the
substrate, resulting in a surface density gradient of the protein.

Taking inspiration from the latter approach, a simple device was designed, schematised in
Figure 3.4c; this consisted of a glass-bottomed channel through which a solution of a coating
substance could be flowed. During experimentation with this design, a modified form of the
co-polymer poly-L-lysine-polyethylene glycol (PLL-PEG) was used as the coating substance.
PLL-PEG has a bottle-brush structure, consisting of a polylysine backbone with a molecular
weight of 20kDa, and 2kDa PEG side chains grafted every 3.5 lysines along the backbone
on average; the backbone has a positive charge, which results in electrostatic adsorption of
PLL-PEG to glass surfaces (which are negatively charged). For these experiments, a version of
PLL-PEG with biotin modifications on approximately 50% of the PEG side chains was used,
purchased from Surface SolutionS GmbH (Switzerland). A solution of 0.1 mgml~* PLL-PEG-
biotin in 1x PBS buffer was flowed through the channel gradually until the solution had reached
the channel outlet; the flow rate was varied between experiments to investigate the effect on the
resulting surface density gradient profile. The channel was then rinsed with 1x PBS buffer to
wash away any excess PLL-PEG, before being filled with a solution of 0.1 mgml~! streptavidin
(conjugated with Texas Red, and purchased from ABCAM, UK) in 1x PBS and left to incubate
for 30 minutes to allow the streptavidin to bind to the biotinylated PLL-PEG. The channel was
then rinsed again to wash away any excess streptavidin, and imaged with an epifluorescence
microscope to visualise the coverage of streptavidin on the substrate.

As can be seen in the epifluorescence microscopy images in Figure 3.4c, increased flow rate
corresponds to a reduction in the steepness of the streptavidin-density gradient. This is as
expected; for higher flow rates, the variation in exposure time of the substrate to the coating
substance along the channel reduces, which means that the variation of the density of the coating
substance also reduces. This method of generating surface-density gradients thus appeared to
be a promising approach to generating tunable gradient profiles, although it still required a
significant amount of time and effort to fabricate the single channel device for the generation
of each gradient. It was noted that a further simplification of this method would be to apply
a static droplet of the coating substance to the substrate; this would essentially equate to the
limiting case where the flow rate is zero, and thus result in a gradient of maximum steepness
at the edge of the droplet. This gave rise to the finalised method of generating surface density

gradients, summarised in the next section.
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Figure 3.5: A typical ligand-density gradient. (a) shows an example image of a substrate (a
streptavidin-coated well) functionalised with biotinylated ligand constructs, such that a circular
region of the substrate is coated with ligands; the surface functionalisation method is detailed
in Section 2.3.1. The image was created by stitching multiple fields of view recorded on an
epifluorescence microscope; the fluorescence signal is from the Alexa Fluor 488 modification
on the ligands. The arrow marks the location at the edge of the circular coated region of
the substrate over which the ligand-density gradient profile plotted in (b) was measured. The
base and point of the arrow correspond to the left- and right-hand sides of the plot in (b),
respectively.

Finalised method: coating substrates with single droplets of DNA

After observing the relationship between flow rate and gradient steepness with the gradient
generation method discussed in the previous section, it was noted that applying a static droplet
of ligand solution to a fixed point on a biotinylated substrate would essentially be a limiting
case of the previous method (i.e. zero flow rate). This new method (described in further detail
in Section 3.2.3) resulted in a coating of DNA on a circular region of the substrate, with a
diameter of ~ 3.5 mm.

The ligand-density gradient profiles were characterised with the methods outlined in Sec-
tion 2.3.2. It was estimated that the ligand density within the circular, coated region of the
substrate was ~ 0.03nm~2. Due to the fast rate of binding between streptavidin and biotin, a
small amount of excess DNA bound to the surrounding region during the washing process; the
surface density of DNA in this region was estimated to be 0.005-0.01 nm~2 on average. At the
perimeter of the circular maximally-coated region, there was a steep surface density gradient
spanning a distance of approximately 100 um; an example of a typical ligand-density gradient

profile can be seen in Figure 3.5.
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3.2.4 Verifying DNA-mediated multivalent adhesion of vesicles to

substrates

Receptor-functionalised GUVs were deposited onto substrates coated with ligand constructs
and left to settle and adhere to the surface. For sufficiently strong adhesion (i.e. for sticky end
lengths [ > 5nt), confocal images show that the GUVs deform in shape to a truncated sphere
geometry with a flat adhesion patch, as can be seen in Figure 3.3c. Deformation of vesicles
to form flat adhesion patches in multivalent systems has previously been observed, such as in
Refs [41] and [40]. Note that the electroformed vesicles have some excess area without the need
to include an osmotic mismatch, allowing for deformation of their shape to form a flat adhesion
patch [40, 267].

Time lapse recordings of the adhered GUVs in the [ > 5 nt systems showed minimal motion,
further indicating adhesion of the vesicles to the substrate (see Figure 3.13). On the contrary,
in systems with sticky end lengths [ = 3 or 4nt, the vesicles were observed to gradually drift
unidirectionally across the well; this was attributed to the binding strength being insufficient
to keep the GUVs adhered to the surface, causing them to drift driven by convection or gravity
(also shown in Figure 3.13). This provides evidence that the adhesion of vesicles in the [ > 5nt
systems is mediated by the binding of complementary sticky ends, as opposed to non-specific

adhesion.

3.2.5 Developing a method to segment and track vesicles

Initially, attempts were made to use the TrackMate plugin [286, 287] on ImageJ to segment
and track vesicles in the image data. However, as the vesicle samples were polydisperse, direct
application of a template matching method to search for bright circular objects in the bina-
rised images did not perform sufficiently well. For instance, the algorithm would sometimes
incorrectly identify a larger vesicle as comprising of multiple smaller vesicles.

The decision was thus made to write up an automated tracking process in Python, that
could be tailored to segment the experimental image data more effectively. In particular, to
achieve size-invariant identification of vesicles in the images, the distance transform was applied
to the image data before conducting template-matching. The distance transform re-labels each
pixel with the distance to the nearest dark pixel in the pre-transformed image. Therefore,
the pixels within a bright circular region (i.e. a vesicle) in the pre-transformed image are re-
labelled according to their radial position within the circle, with maximum value at the centre
equal to the radius of the circle. Applying the distance transform to the image data prevents
erroneous identification of multiple smaller vesicles within the area of a larger vesicle, and
enables identification of circular objects in the image without being constrained to searching
for objects of a specified radius. The automated tracking process is outlined in further detail

in Section 2.6.
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Figure 3.6: Estimated vesicle diffusion coefficients appear to exhibit a bimodal dis-
tribution. Histograms of vesicle diffusion coefficients D are shown in the top row, for sticky
end lengths [ = 5, 6 and 7nt. The diffusion coefficients were estimated from experimental
trajectory data via mean squared displacement (MSD) analysis, as described in Section 2.6.4.
Plots of mean squared displacement versus lag time 7 are shown in the bottom row. These were
generated by first calculating the MSDs for individual GUVs, and extracting the estimated dif-
fusion coeflicient for each vesicle from the gradient of the linear fit; vesicles were then classified
as “mobile” or “immobile” depending on if their estimated diffusion coefficient is smaller than
or greater than 10~® um?s~2, respectively. The MSDs were then averaged over the mobile and
immobile populations separately.

3.2.6 Apparent bimodal distribution of vesicle diffusion coefficients

MSD analysis was applied to the vesicle trajectory data to extract estimates for vesicle diffusion
coefficients, as described in Section 2.6.4. Histograms of the estimated diffusion coefficients
were plotted separately for the different sticky end lengths (I = 5, 6 and 7nt), shown in
Figure 3.6. Bimodal distributions were observed in the diffusion coefficients, with two distinct
peaks corresponding to a “faster” and “slower” vesicle population, with approximately 5-6% of
the vesicles in the latter. Although this result was unexpected, it must be noted that bimodal
distributions of particle mobility featuring an immobile population have also been observed in
other particle motility studies. For example, in Ref. [288] a study was conducted on the motility
of influenza virus particles along surface density gradients of adhesive molecules. In this study,
approximately 58% of the virus particles appeared to be immobile, which was attributed to
heterogeneity of the virus samples such as non-uniformity of the coverage of adhesive molecules

expressed on the surface of the virus.
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To understand the underlying factor behind the bimodal distribution of vesicle diffusion
coefficients, MSD plots for vesicles in the “slower” (or “immobile”) and “faster” (or “mobile”)
populations were inspected. In Figure 3.6, the plots of MSD averaged over the mobile population
show an increasing trend between MSD and lag time, which illustrates that the particles (on
average) gradually travel over the substrate. There does appear to be a slight upward curve
in the plots of MSD averaged over the mobile population, which would suggest the presence of
directed motion (rather than purely being Brownian motion). For context, a linear relationship
between MSD and lag time with a positive gradient would indicate Brownian motion, while
a quadratic relationship with a positive quadratic coefficient would indicate directed, ballistic
motion (e.g. moving at constant velocity). Furthermore, note that the MSD increases at a
noticeably greater rate with lag time for [ = 5, compared with [ = 6 and 7; this effect is

discussed in more detail in Section 3.4.1.

In contrast, the plots of MSD averaged over the immobile population (also in Figure 3.6)
show a decreasing trend between MSD and lag time. This likely explains the unusually small
diffusion coefficients fitted for vesicles in the immobile population. Due to the non-negative
constraints on the intercept and slope of the linear fits of MSD versus lag time, the fitting
algorithm assigned negligible, near-zero values to the fitted parameters, resulting in an apparent

secondary population of slower-moving vesicles.

The next step towards understanding the reasoning behind this apparent negative correla-
tion between MSD and lag time was to study the trajectories of vesicles exhibiting this negative
relationship; some example trajectories of vesicles in the “immobile” population can be seen in
Figure 3.7. Generally, the trajectories of the “immobile” vesicles span limited regions, smaller
than the distance of a pixel (0.64432 um). The algorithmically tracked vesicle trajectories were
compared with the imaged vesicle motion by eye. It was found that the apparent negative cor-
relation was largely due to errors and noise in the tracking process, causing spurious jumps in
the tracked vesicle location. This resulted in trajectories that erroneously suggested a gradual

confinement of the vesicle over time and thus a negative correlation between MSD and lag time.

A second contributing factor to the “slower” vesicle population was the presence of a small
proportion of immobile vesicles in the samples, which were observed by eye in our experimental
image data. The immobility could be due to non-uniformity in DNA density on the substrate
and vesicle surfaces, resulting in vesicles being trapped in high DNA density regions. However,
even in systems with no DNA ligands or receptors, a small proportion of immobile vesicles were
observed. This is likely due to vesicles being pinned to surface defects, or trapped by strong
non-specific adhesion. Furthermore, erroneous tracking of surface defects or sample impurities

could also contribute to the apparent population of immobile vesicles.

As the “slow” vesicles are thought to be due to tracking errors and surface defects, the
decision was made to exclude this population from the experimental data used in following
analysis, by filtering the vesicles to those with diffusion coefficients estimated to be greater
than 107® um?s~2. This would reduce the number of inaccurate trajectories included in the

data analysis, and also the number of vesicles that are immobile due to factors other than
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Figure 3.7: Examples of trajectories and mean squared displacements plotted for
individual vesicles. Data for three example vesicles from the “mobile” vesicle population and
three example vesicles from the “immobile” vesicle population are plotted; further discussion of
the mobile and immobile populations can be found in Section 3.2.6. All examples are of vesicles
in the [ = S nt-sticky end length system. The trajectory plots show the evolution of the vesicles
x-y displacements over the duration of the experiments; the black and red markers indicate the
start and end points of the trajectories. The mean squared displacement plots corresponding
to these vesicle trajectories have been displayed, with the linear fit indicated by the dashed red
line. Note that the straight line was fitted to the first half of the MSD plots (i.e. only fitted
to values of MSD that had been averaged over at least two trajectory slices, as discussed in
Section 2.6.4).

the designed DNA-DNA interactions. It must be noted that including the “slow” vesicles in

data analysis has no significant impact on the qualitative findings reported in this thesis, but
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results pre- and post- filtering are nevertheless presented in Section C of the Appendix for

transparency.

3.3 Theoretical and numerical modelling

As mentioned, the theoretical and numerical modelling summarised in this section was con-

ducted by Prof. Bortolo Mognetti, in close collaboration with my experimental work.

3.3.1 Numerical modelling of the vesicle motility system

The numerical modelling in this section extends on previous investigations by Prof. Bortolo
Mognetti into the emerging dynamics of particles that are bound to an interface via reversible
receptor-ligand bonds [268]. Ref. [268] focused on the mobility of such particles over a sur-
face featuring a uniform coverage of binding sites; coarse-grained reaction-diffusion simulations
demonstrated the lateral diffusion of the particles over the interfaces. The simulations were
then adapted to study the motion of receptor-functionalised particles over a surface featuring
a ligand-density gradient, for comparison with the experimental work in this chapter.

In the model, the vesicles are mapped onto two-dimensional disks of radius R to represent
the flat adhesion patch, as schematised in Figure 3.8. The disks are modelled to be rigid such
that thermal membrane fluctuations and deformations of the vesicle shape are neglected, and
the disk-substrate distance is maintained constant. The average density of receptors on the

2 consistent with the nominal experimental values. Disks

vesicles was set to pg = 0.008 nm™
with diameter 2R = 0.2 ym, 1 um and 1.8 ym were simulated. Note that these diameters are
smaller than experimental GUVs by one order of magnitude, as experimental GUVs typically
had diameters on the order of 10 um. The decision to simulate smaller vesicles was made to
keep simulations affordable, as simulations on the same size scales as experiments would be
impractical. On the flip side, reducing the size of experimental vesicles would not have been
feasible with the experimental setup, as smaller vesicles would cover a smaller extent of the
gradient (and thus have a smaller directional bias in motion, resulting in a lower signal-to-noise
ratio); smaller vesicles would also be more difficult to image and track. All in all, the decision
was made to simulate smaller length scales than experiments in the interest of practicality, and
focus on comparing trends in vesicle drift velocity between experiments and simulations rather
than absolute values. The simulated gradients were adjusted to be steeper than experimental
gradients, to maintain the ratio of vesicle size to gradient steepness.

The substrate is randomly decorated by ligands to generate a linear ligand-density profile

2 at the starting location

with slope A, and average ligand surface density of p;, = 0.021 nm™
of the vesicles. The simulated gradient slope was set to be an order of magnitude higher than
experimental gradients (A = pp,/10 um™'), such that the steepness of the gradient relative to
vesicle size was maintained, as mentioned before. Simulating smaller values of A would rapidly
make the system computationally untreatable, as for milder gradients the drifting component

of the motion is overwhelmed by the stochastic component.
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Figure 3.8: Vesicle motion is constrained by receptor-ligand bridges, forming the
basis of numerical modelling. Receptor-ligand bridges break at a rate of kg, which enables
receptors to bind to other ligands under the vesicle. The reversibility of bridge formation thus
allows the vesicle to gradually move over the substrate, as the bridge configuration evolves over
time.

Receptors on the vesicle may bind with free ligands on the substrate within the projected
area of the disk, forming receptor-ligand bridges. The rate constants at which these bridges

form and break were calculated as [34]

sol
aky

. _ sol
kon - 3TR2L koff = Qo kon eXp[ﬁAGOL (31)

where k2 is the hybridisation rate of free oligonucleotides in solution, L is the length of the
dsDNA spacer of the ligands and receptors, AGj is the standard hybridisation free energy of
the sticky ends, pg = 1M is the standard concentration and § = 1/(kgT), where kg is the
Boltzmann constant and 7T is the temperature. « is a non-dimensional factor < 1, accounting
for the fact that the hybridisation kinetics are expected to be slower as a result of the DNA
constructs being tethered to surfaces. a was set to 0.1 as an estimate based loosely on obser-
vations made in Ref. [33]; however, it must be noted that as simulated and theoretical drift
velocities are proportional to «, changing the value of « affects the absolute values but not the
trends generated by varying other system parameters. Finally, the factor of 1/37R?L in the
expression for k,, expresses the volume within which the receptor sticky ends are distributed.
For clarification, the vesicles were represented as hemispheres with a total surface area equal to
37 R?; if the free sticky ends are assumed to be uniformly distributed within a layer of thickness
equal to the length of the DNA constructs surrounding the vesicle, this results in a density of
1/(37R%L). To evaluate ko, and kog, k%! was set to be 10 M~!s™!, an approximate estimate
for short DNA oligomers [193]. L was set equal to 10nm, an estimate based on the length of
the DNA constructs in base pairs, given that one base pair equates to an approximate distance
of 0.34nm along a dsDNA strand [289]. The temperature 7" was set to 293.15 K (25°C). AGy
was estimated using the nearest neighbour thermodynamic model [175, 290, 291, 292|, and then
plugged into Equation 3.1 to calculate the rate constants. Numerical values for AGy and kg
are listed in Table 3.1.
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Table 3.1: Hybridisation free energies and unbinding rates of sticky ends. Values for
hybridisation free energies(AGy /Jmol™!) and unbinding rate constants (kog /s™') are listed
for sticky end lengths [ = 5, 6 and 7 nt.

AGy /Jmol™ | kog /st
=5 -11.4 1.10
=6 -13.3 0.174
=7 -16.3 0.0084

In the model, it is assumed that free receptors (i.e. receptors that are not bound to a ligand)
diffuse laterally over the vesicle bilayer and rearrange much faster than the timescales of vesicle
motion. This assumption is based on observations made in previous studies of DNA constructs
attached to lipid bilayers wvia cholesterol anchors, in which the constructs diffuse laterally over
the membranes with diffusion constants of a few squared micrometers per second [40, 33, 230,
293]. Therefore, instead of tracking the specific positions of free receptors, it is assumed that
a free receptor is equally likely to bind any ligand within the projection of the vesicle on the
substrate. Furthermore, this means that the system equilibrates over time scales much shorter
than experimental durations, such that the density of receptor-ligand bridges has reached its
equilibrium value prior to the start of experimental time lapse recordings, as opposed to a
gradual enrichment of bridges in the adhesive fingerprint during experiments. To match this
behaviour in simulations, the simulated system was allowed to equilibrate before initialising the
vesicle motion.

The system was simulated using a reaction-diffusion algorithm [34, 294, 268]. At each
simulation time step, of duration At, the Gillespie algorithm [295] is used to sample one reac-
tion corresponding to the breakage of an existing receptor-ligand bridge or the formation of a
new bridge, and compute the time required for the reaction. The sampling of receptor-ligand
(de)complexation reaction is repeated until the total reaction time exceeds At. Following the
reaction step, the position of the disk is updated by randomly (uniformly) selecting a new centre
of mass from all the possible locations compatible with the new configuration of bridges [268].

The simulation code can be found online [296].

3.3.2 Theoretical estimation of the density of receptor-ligand bridges

The equilibrium predictions for the density and number of bridges (p, and ny, respectively)
under a vesicle at a given position x along the gradient can be calculated by solving the

following equation:
po(2) = Keq [pr() = pu(@)] [Nr — np(zom)] (3.2)

where pr(x) is the density of ligands at position z, N is the total number of receptors over
the vesicle membrane, Keq = kon/kosr is the equilibrium constant controlling the formation
of bridges [34], and zcy is the x-position of the vesicle’s centre of mass along the gradient.
The number of bridges is obtained by integrating p,(z) over the contact region between the

vesicle and the surface (Q(zcy)); similarly, the total number of ligands underneath the vesicle
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is obtained by integrating pr(z) as so:

ny(Tem) = /Q( )pb(a:)dxdy Np(xem) = /Q( )pL(x)dxdy (3.3)
TCOM TCM

where y is the coordinate orthogonal to the gradient. Integrating Equation 3.2 over Q(xcn)

thus gives

mp(zem) = Keq [Ne(zem) — np(zem)] [Nr — mp(zem)) (3.4)
which is solved wvia the quadratic formula to give the total number of bridges,

KeqNL(*TCM) + KeqNR + 1-— V A2

eq
A? = [KeNp(zom) — KegNg)? 4 2K N (zenm) + 2KeqNg + 1. (3.6)

Given ny(xcm), Equation 3.2 can be rearranged to calculate the density of bridges as

Keq [NR - nb(xCMﬂ
1+ Keq [Nr — np(zon))]

po() pr(z). (3.7)
Experimental values for receptor densities as well as K. for the three sticky end length systems
(I =5, 6 and 7nt) yields the plot of bridge density versus ligand density in Figure 3.9. The plot
shows that under experimental conditions, the density of receptor-ligand bridges is saturated
and reaches its maximal value limited by the densities of receptors and ligands.; while p;, < 3pgr
the bridge density is limited by p;, whereas when p; > 3pgr the bridge density saturates at
3pr- The factor of 3 results from the redistribution of receptors on the vesicle membrane, from
an initial uniform concentration of pr across the vesicle (approximated as a hemisphere with

total surface area 3mR?) to being concentrated within the contact region (with a surface area
of TR?).

3.3.3 Theoretical predictions of vesicle drift velocity

This section presents derivations of theoretical predictions for the scaling and absolute value of

the drift velocities of receptor-functionalised vesicles along ligand-density gradients.
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Figure 3.9: Under experimental conditions, the density of receptor-ligand bridges is

saturated and reaches its maximal value. The bridge density p, is plotted against ligand

density py,, while the initial density of receptors over the membrane pg is fixed at 0.008 nm~2,

for 0.2 um-diameter vesicles and sticky end lengths [ = 5, 6 and 7nt. The bridge density has
been estimated using Equation 3.7.

Scaling relation for the vesicle drift velocity

For a given number of ligands and receptors, the drift velocity is expected to be a function of
the following variables: the rate of unbinding of receptor-ligand bridges (kog), bridges (ny,), and
the diffusion constant of non-adhering vesicles (D). In systems featuring many bridges or low
unbinding rates (as is the case for the experimental vesicle motility system), the displacement
dynamics of the vesicles is limited by the timescales of ligand/receptor reactions. This can
be verified by comparing two characteristic timescales: the typical timescale over which the
translational configurational space available to the vesicles changes as a result of (un)binding
of receptor-ligand bridges (7;), and the diffusion timescale needed by a vesicle to explore the
available space (74). These timescales are considered in Ref. [268], in which a theoretical model
was designed to study the behaviour of a particle functionalised with mobile receptors that
binds to a substrate coated with fixed ligands.

As the translational configurational space available to the vesicle depends on the set of
constraining bridges near the perimeter of the contact region, 7, equates to the timescale of the
reconfiguration of CBs. This can be estimated as 7, = 1/(2kogncp), where the average number
of CBs (nu,) ~ 5 as mentioned previously; a derivation can be found in Ref. [268]. Using the
values for the unbinding rates k.g stated in Table 3.1, 7, is estimated to be 0.091s, 0.57s, and
11.9s for sticky ends with [ = 5, 6, and 7nt respectively.

Regarding the diffusion timescale 74, the average area of the configurational space 2 available
to the vesicle is well approximated by (|Q]) = 7R*(na,)/(n,)?, as found in Ref. [268]. The
diffusion timescale for the vesicle to explore the available configurational space can thus be
estimated as 7 = TR?nq,/(Dn?). Using the Stokes-Einstein equation for the diffusion constant

of a spherical particle, D for a 5pm-radius vesicle can be estimated to be 0.049 ym?s~1. In
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Figure 3.9 it can be seen that the bridge density is comparable to the density of receptors and
ligands (i.e. on the order of 0.01 nm~2). Altogether, 74 can be estimated to be 1.30x107%s for
a 5 um-radius vesicle.

In conditions considered here, 7, is at least 7 orders of magnitude bigger than 74, which means
that the displacement dynamics of the vesicles is limited by the timescales of ligand /receptor
reactions. Therefore, it is expected that the scaling relationship of vqf is entirely determined
by kog, such that

Varift, < kot f (R, m), (3.8)

where f(R,ny) is a general function on the variables R and ny,.

Analytic prediction of the vesicle drift velocity

As an initial step in the derivation, we postulate that the dynamics of the vesicle’s centre of
mass (at position zcy along the gradient) is described by an over-damped Langevin equation,

i.€.

8xCM

ot

avmulti(ICM)
Orcm

= —BD(xcm) + fi(rem) + v/ 2D(zem)n(t), (3.9)
where Viui(zom) is the multivalent free energy of the vesicle at a given xoy [34, 297], n(t) is a
Gaussian white noise ((n(t)) = 0, (n(t)n(t")) = 6(t—t')), and D(zcy) is the position-dependent
diffusion constant [268]. To fully determine the solutions of Equation 3.9, one needs to specify a
prescription to interpret the stochastic term of this equation in which the noise source multiplies

a non-constant function. Such a prescription identifies the value of the following integral

/ T g )n(E) = glrvelt + A + (1= 1)(b)) / T (e, (3.10)

where «y is a parameter with v € [0,1]. For instance, v = 0, 1/2, and 1 when considering,
respectively, the Ito, Stratonovich, and isothermal convention. Ref. [298] has shown the neces-
sity of considering the extra drifting term f;(zcym) in Equation 3.9 to ensure recovering of the
expected equilibrium state, P(zcy) ~ exp[—FViui(zom)]. In particular, this is achieved when

using

filzem) = 2(1—7) D(zcem) (3.11)

Orom
which gives rise to the following Fokker-Planck equation that is not a function of ~ [298]:

0
_P(mCMa t)

OVinulti (JCCM) 0
ot *

8$CM 8$CM

D(zcm) (6 ) P(zcm, ). (3.12)

B 8ZBCM
From Equation 3.12, we then calculate the drifting velocity vqig(zom) as follows:

0
/dICM'Udrift(xcmp(fcmt) = /dxCM'ICMaP(xCMat)' (3.13)

77



Substituting in the Fokker-Planck equation then gives

anulti(JUCM)

0
/dﬂCCM “Varige (Tom) P(rom, t) = /deCM [%D(ZECM) — BD(zcm) e P(zcw,t).
M M
(3.14)
In particular,
Varite (Tem) = vz (Tom) + Ve qy(Tom)
va(Ten) = —BD(zen) i g (zen) = 52 D(zcm) (3.15)

It must be noted that Equation 3.9 has not been derived using a rigorous bottom-up coarse-
grained procedure, which would be expected to result in a more general Langevin equation {299,
300]. Moreover, the systematic coarse-graining of our current simulation model is complicated

by the fact that our system is not Hamiltonian.

We now focus on deriving an expression for the drift velocity in the context of our model.
In Ref. [268], the diffusion constant of a particle functionalised with mobile receptors on a

substrate with a uniform coverage of fixed ligands was predicted to be

koff

D(zcm) = C—<nb(37CM)>2’

(3.16)

where ¢ is a constant in units of area, well approximated by ¢ = mR?/2. To evaluate Equa-
tion 3.15, we first calculate v, and then show that v, . is negligible compared to v,. In our

system, the multivalent free energy is given by [34]

np(Tem)

(zem) B
Ni(zem)

BVinuiti(zom) = Nglog {1 _ o N, } + Np(zcewm) log [1 } + (o). (3.17)

Differentiating Equation 3.17 with respect to xzcy yields

3 deulti(fL’CM)

1
dron (3.18)

— N} (wow) log {1 M} :

~ Np(zom)

where Nj (zey) = dNp(zeom)/dzem. A proof of Equation 3.18 can be found in Section B.1 in
the Appendix. Plugging Equation 3.18 into Equation 3.17 then gives the following expression

for v,:

ot vt ren) g {1 _ M] | (3.19)

va(Tom) = my(zem) Ni(xzem)
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For a linear gradient of ligands (pr(x) = co + Az), it follows that N} (zcy) = AwR? Therefore,

CAkof po(Tem) } (3.21)

L v
TR2py(wonr)? g[ pr(rom)

where the last equality in Equation 3.21 comes from the fact that p,(xcn) is proportional to

pr(xcm) for a given zom (see Equation 3.7).

We now estimate v, , (Equation 3.15)

Ven(Tom) = D' (xzom) = —2ﬁnb(azc1\4) : (3.22)

Using Equation B.3 to express nj in terms of N, we obtain

Aoy [ TR? 1P Np — np(zom)
. - _9 3.23
Uy (Tom) 7 R? |:nb(xCM):| Nip(zem)Nr — np(xem)? (3:23)
atch
_ 9 cAkom pI;z e pb($CM) (3‘24)

B TR2pp(xem)? pr(xem) Nr — po(zom)ns(zom)

where p%amh is the density of receptors calculated using the patch area (instead of the total area

of the vesicle).

We now compare v, ~(xcom) with v, (zem). First, we consider the weak-binding regime (not
patch

relevant to this study) for which p, < pr, =~ pj;"*". In this regime we find

patch
— 1
P = polwom) ~— (3.25)

pr(xem)Nr — py(zem)np(zem)  Ng'

from which we derive

Vg ,y PL

—~— 3.26

Vg pBNR ( )
The previous equality states that, at a given pp/pr, v, readily become negligible when in-
creasing the size of the vesicle (and therefore Ny at a given p%™*"). Interestingly, v,. may

become important for small particles.

We then consider the regime (relevant to the present study) in which bridge saturation is

reached, in which case the bridge density is limited either by the density of receptors (p, ~
patch patch

Ph " < pr) or by the density of ligands (p, = pr, < p%mh). If pp = pr, < pi"" (see the linear

regime in Figure 3.9), we have

patch patch

Pr Pb(xCM) ~ Pr PL
pr(zem)Nr — py(zom)me(zem)  pr(Nr —np)

(3.27)
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and

(I 1

~ . 2
Uy Ngr —ny (3.28)

The previous equation implies that, for the vesicles considered in this work, v, . is negligible

compared to v,. Alternatively, when p, ~ p%amh

< pr, (see the constant regime in Figure 3.9),
Equation 3.22 predicts v, /v, = 0 as the diffusion constant becomes uniform. On the contrary
v, remains finite also in this limit.

Given that v, , is negligible, the expression for the drifting velocity can then be reduced to

C)\k‘off
> log [1 —

B po(Tem) }
TR?py(xom)

oz o) (3.29)

Udrift<xCM) =
Finally, comparison of Equation 3.29 with Equation 3.8 shows that the analytic prediction of
the vesicle drift velocity agrees with the expected scaling relationship of drift velocity being

directly proportional to kqg.

3.4 Results and discussion

3.4.1 Effect of binding strength on directional motion

A key factor affecting the overall strength of multivalent binding and the corresponding vesicle
mobility is the strength and (un)binding rates of individual receptor-ligand bonds. If the
receptor-ligand binding strength is higher, the overall multivalent adhesion strength would be
increased, which could affect the vesicle motion in various ways; for example, stronger adhesion
could result in reduced lateral mobility of the vesicle. The effect of receptor-ligand binding
strength was explored by varying the length of the complementary sticky ends, [. Vesicle
motion in systems with sticky end lengths of [ = 5, 6 and 7nt was compared via experiments
and simulations; the DNA sequences were designed such that the unbinding rates span several
orders of magnitude (see Table 3.1).

For each sticky end length, the GUVs were functionalised with the relevant receptor con-
structs, and then applied to the ligand-functionalised substrate (as outlined in Section 3.1;
detailed methods can be found in Chapter 2). Experimentally, under all these conditions, the
vesicles adhere to the substrate and remain attached during the entirety of the time lapses.

To study the motion of the GUVs relative to the ligand-density gradient in experiments
and simulations, each trajectory was decomposed into components parallel and perpendicular
to the local ligand-density gradient, as outlined in Section 2.6. Experimental results for [ = 5—
7nt are displayed in Figure 3.10, while simulation results are displayed in Figure 3.11. From
the average velocity distributions, it is evident that the motion is predominantly stochastic in
all cases. However, there appears to be a small but observable directional bias in the GUV
motion, when studying the means of the average velocity distributions. While the projection

of the average velocity onto the direction perpendicular to the gradient is centred around zero,

80



I=5 I=6 1=7

€ ] S ] S ]
c3001 parallel c3007 parallel c3007 parallel
- —— perpendicular - —— perpendicular - —— perpendicular
200 A <1 2200 A 200 A
€ = £ S
S - g slope = S slope =
£100 - g £100 - 1.0x10°3 nm s™1 L1004 4 0x10™% nm s~1
[o - o o
) -~ slope = 0 )
o //’5.8x10'3 nms il © __‘7,__«% o
& O G 0 Te==== 5§ 01<————= —
[} [} ()
= T = T =3 !
0 5 10 0 5 10 0 5 10
Time / hours Time / hours Time / hours
(5.3+0.5)x1073 nm s™L_ (1.2£0.3)x10°3 nm s°1 (-2.6+5.1)x10™% nm s71
250 & 250 I S 100 I N
' o | N | ul
57 0 P &0 : Ho&q 0 i
S > S 0.05 : 3w 0.05 :
o c o L = ] 2L = . N
-g c X -g < : ‘ . -"', F ﬁ -8 c . v ﬁ
U~ 5 U ~ i - o O~ o
2> 2> s 0.05 ) F 1
o £ ~ 05 R SEERER ® o N A »
Q5 5 Q5 T 3 Q5 =]
g,@ 3 99 -0.05 3 g,?; -0.05 3
— ml < ! < 1
< Avg. parallel 0250 Avg. parallel 0250 . Avg. parallel 0100 '~
velocity / nm s~1 velocity / nm s~ velocity / nm st

Figure 3.10: Experimental results reveal that drift velocity increases with decreasing
sticky end length. The plots summarise data from vesicle motility experiments illustrating
the effect of sticky end length [ on GUV motion along ligand-density gradients, for [ = 5-7 nt.
In all plots, the motion has been decomposed into components parallel and perpendicular to
the gradient. The line plots show the mean vesicle displacement over time (solid lines) with
standard error of the mean shaded; a straight line (dashed) has been fitted to the motion
parallel to the gradient, with the slope annotated. The scatter plots with marginal histograms
show the average velocities of individual vesicles, calculated as total trajectory displacement
divided by duration; the y-axes of the histograms indicate the number of vesicles in each bin,
and the distribution means are annotated in red. Note that the axes have been cropped to
aid visualisation of the majority of data points. The plots also show the data filtered to the
“fast” population; full data (including the “slow” population and uncropped axes) can be seen
in Figures C.3 and C.4 in the Appendix.

the projection parallel to the gradient has non-zero, positive mean (for both [ = 5 and 6nt
in experimental data, and for [ = 5-7nt in simulation data). This indicates a directional bias
of the vesicle motion towards denser regions of the ligand carpet, as expected. Furthermore,
regarding the plots of mean squared displacement averaged over the mobile vesicle populations
(shown in Figure 3.6), the MSD for the more mobile [ = 5 system exhibits an upward curve,

which could indicate a directed or ballistic component to the motion of the vesicles.

To investigate the statistical significance of vesicle drift along the gradient direction, the
one-sample Student’s t-test was conducted; this tests the null hypothesis that the mean of
a distribution is equal to zero. The t-test was applied to the experimental data for [ = 5

shown in the scatter plots in Figure 3.10, thus testing if the means of the vesicle velocity
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Figure 3.11: Simulation results support experimental findings that drift velocity in-
creases with decreasing sticky end length. Here, simulation data for 1 ym-diameter GUV
is presented in the same way as the experimental data in Figure 3.10. The line plots show
the mean vesicle displacement over time, parallel and perpendicular to the gradient with stan-
dard error of the mean shaded; a straight line has bee fitted to motion parallel to the gradient
with the slope annotated. Note that the simulated trajectories have been cropped to the same
duration to enable visual comparison, while the straight lines have been fitted to the entire,
uncropped trajectories,shown in Figure C.5 in the Appendix. The scatter plots with marginal
histograms show the distribution of vesicle velocity averaged over each trajectory, where the
y-axes of the histograms indicate the number of vesicles in each bin, and the distribution means
are annotated in red. The axes have been cropped to aid visualisation of the majority of data
points; graphs including all data points are shown in Figure C.6 in the Appendix.

distributions are equal to zero, or if there instead is a non-zero drift. The t-test on the data
for experimental vesicle velocities parallel to the gradient yields a p-value of 6.96 x 10725,
while the t-test on the data for vesicle velocities perpendicular to the gradient yields a p-value
of 0.377. For [ = 6, applying the t-test to experimental vesicle velocities parallel to the
gradient yields a p-value of 2.44 x 107, while the t-test on velocities perpendicular to the
gradient yields a p-value of 0.783. Finally, regarding the experimental data for [ = 7, the
t-test yields a p-value of 0.607 when applied to vesicle velocities parallel to the gradient,
and a p-value of 0.546 for vesicle velocities perpendicular to the gradient. The results
from the t-tests demonstrate a significant non-zero average drift parallel to the gradient
for | = 5 and | = 6. This is not the case for the | = 7 system, although the stronger
adhesion in the [ = 7 system likely reduces the mobility of the vesicles to the point that any
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motion is indistinguishable from tracking errors. The t-test results support that the vesicles

do not drift perpendicular to the gradient on average, for either of the [ = 5, 6 and 7 nt systems.

The statistical significance of the vesicle drift in simulations was also tested, applying
the one-sample Student’s t-test to the velocity distributions plotted in the scatter plots in
Figure 3.11, for vesicles with 1 ym diameter. For [ = 5, the t-test yields p-values of 4.69 x 10™4
and 0.683 for vesicle velocities parallel and perpendicular to the gradient, respectively. For
[ = 6, the t-test yields p-values of 3.89 x 107% and 0.545, for vesicle velocities parallel and
perpendicular to the gradient. Finally, for [ = 7, the t-test yields p-values of 0.0101 and
0.824, for vesicle velocities parallel and perpendicular to the gradient. In each of the [ =5, 6
and 7 systems, the t-test results show that the mean vesicle velocity parallel to the gradient
is significantly different to zero, whereas the data for vesicle velocities perpendicular to the

gradient is consistent with having zero mean.

To further test that the vesicle drift parallel to the gradient is in the direction of increasing
ligand density (rather than in the opposite direction), the one-sided Student’s t-test was
performed. This tests the null hypothesis that the mean velocity parallel to the gradient is
less than or equal to zero. Referring to the same set of data as above (shown in Figures 3.10
and 3.11), for experimental vesicles, the t-test yields p-values of 3.48 x 1072%, 1.22 x 10~*
and 0.697 for [ = 5, 6 and 7, respectively. For simulated vesicles, the t-test yields p-values of
2.35 x 107, 1.95 x 107% and 5.06 x 1073 for [ = 5, 6 and 7, respectively. The results indicate
that, on average, vesicles exhibit a significant non-zero drift along the gradient in the direction
of increasing ligand density, in all cases except for the case of experimental vesicles in the [ =7

system (which is likely due to the low signal-to-noise ratio, as mentioned before).

Altogether, the findings from the statistical significance tests on experimental and simulated
vesicle motion support the result in the main text: vesicles preferentially drift in a direction
parallel to the local ligand density gradient. Please note that we have added this discussion to

Section 3.1 of the SI, and referred to it in the main text.

The width of the average velocity distributions decreases with increasing [ (see Figure 3.12),
indicating that vesicles with longer ends diffuse less, regardless of directionality. This makes
sense as a decrease in sticky end length corresponds to weaker receptor-ligand binding and
thus higher unbinding rates. When a vesicle is adhered to a point on the substrate, its motion
is constrained by receptor-ligand bridges that anchor the vesicle; these bridges must unbind
to allow the vesicle to diffuse laterally. Therefore, weaker binding allows for increased vesicle
mobility. It must be noted that the trend between width of average velocity distribution and
sticky end length is more pronounced in simulations than it is in experiments. This is expected,

given that experimental data are inevitably impacted by errors in the tracking of vesicles.

Directional bias of the GUV motion towards higher ligand densities becomes more apparent

when visualising the mean displacement as a function of time, also shown in Figures 3.10 and
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Figure 3.12: Vesicles functionalised with longer sticky ends diffuse more slowly. The
plots illustrate the standard deviation of average vesicle velocity (calculated as total displace-
ment divided by trajectory duration) versus sticky end length; the velocity is decomposed into
components parallel and perpendicular to the gradient direction. Experimental data are shown
for the “mobile” vesicle population. while simulation data are shown for vesicles with diameter
d = 1pm. Experimental data for the “immobile” vesicle population and simulation data for
0.2 pm and 1.8 pm-diameter vesicles are plotted in Figure C.1 in the Appendix.

3.11. In all cases, the vesicle displacements perpendicular to the gradient average to zero
(within standard error), while the displacements parallel to the gradient display a non-zero,
positive slope for [ = 5 and 6nt. For [ = 7nt, mean displacement parallel to the gradient
shows a negligible slope. However, it is possible that GUV motion in the [ = 7nt system also
exhibits a directional bias along the gradient, although the signal is overwhelmed by noise from
stochasticity of the motion, as well as localisation errors in experimental data.

Regarding the typical speed of motion, the average experimental drift velocities for the [ =5

I and

and 6nt systems (calculated from the scatter plots in Figure 3.10) are 5.3 x 103 nms~
1.2 x 103 nms™! respectively. Over experimental timescales (i.e. 10 hours), this equates to
total displacements of 190 nm and 43 nm respectively, which are significantly smaller than the
typical vesicle diameter ( 10 pum; vesicle size distributions are shown in Figure 3.3). However,
we note that the distribution of vesicle displacements parallel to the gradient is not normally
distributed, but instead features a positive skew. For [ = 5 and 6nt, GUVs travel maximum
displacements along the gradient of 5.8 um and 5.1 pm respectively, which are comparable with
the average vesicle radius. As a source of comparison, a non-anchored, freely diffusing vesicle
with a 10 pm diameter would travel ~ 80 um along the surface in this time scale (using the
Stokes-Einstein equation to estimate the diffusion constant). This demonstrates that the vesicle
mobility is reduced by the multivalent adhesion, as expected; GUV motion is constrained by
receptor-ligand bridges, which must break to allow the vesicle to move away.

The speed of vesicle motion may sound limited, but is understandable from the perspective
of the receptor-ligand bridge spacing. As can be seen in Figure 3.9, the system is in a saturation
regime where the receptor-ligand bridge density reaches its maximal value, limited by either

the density of ligands or the density of receptors. This means that the typical bridge density for
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vesicles in the gradient region is on the order of 0.01 nm~2, which corresponds to an inter-bridge
spacing of 10nm. The average vesicle displacement of ~ 200 nm in the [ = 5nt system is 20
times higher than the inter-bridge spacing, while ~ 10% of vesicles travelled further than 1 ym
along the gradient, which is >100 times higher than the inter-bridge spacing. This indicates
that the observed motion cannot simply be due to the rattling of vesicles around fixed bridging

points, but must require the formation and breakage of a large number of bridges.

The limited speed of vesicle motion can be put into further perspective by considering
the system from a probabilistic standpoint. As discussed previously, the vesicle motion is
constrained by receptor-ligand bridges that anchor the vesicle to the substrate, and a directional
gradient in binding affinity results in a gradual directional migration of the GUV. A 10 yum-
diameter GUV located centrally in the gradient plotted in Figure 3.5 spans ligand densities
from 0.019nm=2 to 0.021nm™2, i.e. a ~ 10% difference in ligand density. Therefore, during
each formation of a new ligand-receptor bridge, the receptor is only 10% more likely (at most)
to bind a ligand on the side of the contact region facing towards higher ligand density, compared
to the opposite side. This small difference in binding probability across the span of the vesicle
suggests that a large number of bridge formation and breakage events are required for the

directional vesicle drift along the gradient to be distinguishable from stochastic motion.

When comparing the average drift velocities calculated from experimental data (Figure 3.10)
and from simulation data (Figure 3.11) for [ = 5nt, the experimental velocities are an order
of magnitude higher than the simulated velocities. One obvious factor that differs between
experiments and simulations is the length scale of the system, as the simulated vesicle diameters
are an order of magnitude smaller than in experiments. The simulated gradients were adjusted
to achieve the same gradient steepness relative to vesicle size, although it is likely that this
does not fully cancel out the the effect of vesicle size on the resulting motion. The relationship
between vesicle size and drift velocity is further discussed in Section 3.4.3. Beyond this, the
difference in magnitude of drift velocity between experiments and simulations could be due to
differences in the ligand-density gradient profiles, such as if the typical gradient steepness is
higher in experiments than in simulations. Small convective flows in the samples and tracking
inaccuracies could also inflate experimental estimates of vesicle drift velocity. Furthermore,
calculations of the bridge formation and breakage rates (see Equation 3.1) for the simulations
involve estimation of the correction factor «, which is the biggest source of uncertainty in
simulation results for vesicle drift velocity. Nonetheless, as mentioned before, the focus is on
comparing trends between experiments and simulations rather than absolute values for the drift
velocity; together, they consistently show that a decrease in binding strength corresponds to

an increase in vesicle mobility.

After observing the increased mobility vesicle as a result of decreased receptor-ligand binding
strength, a natural next step would be to consider systems with even weaker receptor-ligand
binding (i.e. even shorter sticky ends). Receptor and ligand constructs with sticky end lengths
of [ = 3 and 4nt were indeed designed and experimentally tested, with the aim of achieving

increased vesicle drift velocities. However, it was found that at such short sticky end lengths,
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Figure 3.13: For weakly binding systems, the adhesion strength is insufficient for
the vesicles to remain attached to the substrate. Epifluorescence microscopy images
recorded of receptor-functionalised vesicles applied to ligand-coated substrates, for sticky end
length systems [ = 3, 5 and 5nt, and at times ¢t = 0, 7 and 15 hours from the start of the time
lapse recording. Each image comprises of multiple fields of view stitched together, such that
the entire well is displayed in the stitched image; scale bars correspond to a length of 1 mm.
Fluorescence has been excited in the calcein within the vesicles, and in the Alexa Fluor 488
modification of the ligand constructs.

the binding strength was insufficient to keep the GUVs adhered to the substrate. Instead,
the GUVs were observed to drift unidirectionally across the well at speeds significantly higher
than would be expected from diffusive motion, as can be seen in Figure 3.13. This motion
was attributed to convection flows in the sample, or perhaps due to the substrate not being
perfectly level which would cause the vesicles to roll over the surface due to gravity. In addition,
constructs with longer sticky ends (I = 8-10nt) were designed and experimentally tested; GUVs
in these systems showed negligible drift, consistent with the data for [ = 7nt in Figure 3.10.
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Comparison of theoretical predictions with simulations and experimental results

Theoretical predictions of the vesicle drift velocities (from Equation 3.29) for the [ = 5, 6 and
7nt systems were compared with experiments and simulations. In Figure 3.14, simulation re-
sults for the average vesicle displacement along the gradient over time are plotted for varying
steepness of ligand-density gradient, as well as varying bridge density (relative to the ligand
density), along with theoretical predictions of the vesicle drift velocity calculated using Equa-
tion 3.29. As can be seen from the plots in Figure 3.14, the theoretical predictions significantly
overestimate the simulated drift velocities, although the discrepancies between simulations and
theory decrease at lower bridge densities n,. One potential reason for this discrepancy is that
for large n;, (and thus larger drift forces), the system may deviate from the linear response
regime under which the fluctuation-dissipation theorem applies. This observation is in agree-
ment with previous findings that coarse-grained dynamics in non-equilibrium conditions are

not necessarily described by a simple Langevin equation [299, 300].

In Figure 3.15, simulation results for the average vesicle displacement along the gradi-
ent over time are plotted again, with the bridge density fixed at the lowest bridge density
(po(zem)/p(xem) = 0.21) from Figure 3.14, and the gradient steepness A varied over a greater
range. From the plots it appears that for small values of A\, the gap between theory and simula-
tions decreases further. Furthermore, for small values of A, the drift velocities no longer appear
to depend on vesicle size, which is in agreement with the theoretical prediction of drift velocity
in Equation 3.29, if we assume ¢ = 7R? in the weakly-binding regime.

Regardless of discrepancies between absolute values of drift velocities between simulations
and theory, it must be noted that the theoretical predictions show the same trends as the
simulation results between drift velocity, gradient steepness and bridge density. The first trend
observed in Figure 3.14 is that drift velocity increases with increasing bridge density. This is
as expected, as for a steeper gradient, there is a greater difference in binding affinity across the
width of the vesicle. There is thus a greater probability for free receptors to bind ligands on the
side of the vesicle facing up the gradient, and the set of constraining bridges thus migrates up
the gradient at a faster rate, corresponding to faster vesicle drift. The second trend observed
in Figure 3.14 is that vesicle drift velocity increases with decreasing bridge density. This also
makes sense from the perspective of vesicles being more mobile at lower bridge densities (i.e.
higher diffusion coefficients as predicted by Equation 3.16).

The theoretical drift velocities are also significantly higher than experimental drift veloc-
ities, although the theoretical prediction in Equation 3.29 is not expected to be valid under
experimentally relevant conditions as the equation only applies in the weakly-binding regime.
However, the drift velocity would still be expected to follow the general scaling of Equation 3.8.
As previously mentioned, Figure 3.9 indicates that under experimental condition for sticky end
lengths [ = 5, 6 and 7nt, the system is in a saturation regime where the bridge density (ny) is
limited by either the ligand density or the receptor density. If this is the case, the R and ny, de-
pendencies in Equation 3.29 should be unchanged when comparing experiments with different

sticky end length [, resulting in vqyig X Kog-
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Figure 3.14: Comparison of simulated and theoretical vesicle displacements along
the gradient over time, for varying gradients and bridge densities. The plots show
the mean displacements of vesicles parallel to the gradient, for varying gradient steepness A
and receptor-ligand bridge density py, predicted by simulation and by theory (Equation 3.29).
In each plot, simulation results for two vesicle sizes (radius R = 100nm and 500nm) are
displayed, and straight lines have been fitted to them. x refers to the distance along the
gradient, and p(xcy) is the ligand density within the contact region between the vesicle and
substrate. p = 0.021nm~2 is the reference ligand density, while L, = 10 um is the reference
gradient length scale. The bridge density py(zcy) has been tuned by varying the off rates of
the sticky ends. All plots in this figure were generated by Prof. Bortolo Mognetti.
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Figure 3.15: Comparison of simulated and theoretical vesicle displacements along the
gradient over time, for varying gradients. Mean average vesicle displacements parallel to
the gradient are plotted for different gradient steepness A as predicted by simulations of vesicles
with radius R = 500 nm and 100 nm, and by theory (Equation 3.29). In each plot, simulation
results for two vesicle sizes (radius R = 100nm and 500 nm) are displayed, and straight lines
have been fitted to them. z refers to the distance along the gradient, and p(zcy) is the ligand
density within the contact region between the vesicle and substrate. p = 0.021nm~2 is the
reference ligand density, while L, = 10 um is the reference gradient length scale. The bridge
density py(zcm) has been tuned by varying the off rates of the sticky ends. All plots in this
figure were generated by Prof. Bortolo Mognetti.

To verify the predicted proportionality between drift velocity and rate of receptor-ligand
unbinding, the ratio between drift velocities for systems with different sticky end length were
computed, and compared with the ratio of the k.g values. The experimental drift velocities were
extracted from the linear fits in Figure 3.10 to calculate an experimental drift velocity ratio of
v'ia JuisS = 5.84. Likewise, for simulations the drift velocities were extracted from the linear
fits in Figure 3.11 to attain a simulation drift velocity ratio of 4.90. Both of these values are in
good agreement with the ratio between the receptor-ligand unbinding rates, k'5z°/k’5° = 6.30,
obtained using the values reported in Table 3.1. The small discrepancy may (partly) arise
from using the same « for both sticky end lengths when computing k.g using Equation 3.1,
as « could vary depending on the length and base sequence of the sticky end. While similar
comparisons could not be carried out for the low-mobility system with [ = 7nt due to the
stochastic component of the motion overwhelming the drift velocity, the analysis for [ = 5nt
and [ = 6nt supports a scenario where the drift velocity is dictated by unbinding rates, in

alignment with the model leading to Equation 3.8.
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3.4.2 Effect of varying DNA density on vesicle mobility

After observing the directional drift of vesicles along the ligand-density gradient and the in-
crease in vesicle mobility by reducing the receptor-ligand binding strength, this prompted an
investigation into whether or not the drift velocity could readily be increased by other means.
One obvious avenue towards increasing the drift velocity of the vesicles would be to decrease the
density of receptors and ligands, which would correspond to a decrease in density of receptor-
ligand bridges between the vesicles and the substrate. A range of DNA densities were tested,
by diluting the concentration of receptors and ligands before functionalisation of the vesicles
and substrates respectively. The dilution was achieved by mixing the DNA constructs with
inert versions that lacked the sticky ends. For example, to halve the receptor density, the
receptor constructs were mixed with a sample of inert receptor constructs in a 1:1 ratio, be-
fore incubation with the GUVs. The motility experiments were then repeated by applying the
receptor-functionalised GUVs to the ligand-density gradients and recording time lapses of the
vesicles.

From these experiments, it was observed that the vesicle motion typically fit into one of
three regimes: (1) the vesicles remain adhered to the substrate through the entirety of the
time lapse, with minimal motion; (2) the vesicles exhibit Lévy-type motion, with bursts of
speed punctuated by periods of minimal motion where the vesicle appears to be adhered to the
substrate; and (3) the vesicles do not appear to adhere to the substrate and instead flow rapidly
across the well. It was observed that the range of receptor and ligand densities in which the
vesicles remained adhered to the substrate was relatively narrow. In the mobile [ = 5nt system,
the receptor and ligand densities could only be reduced by an order of magnitude before the
adhesion was too weak to prevent the vesicles from being carried by convection flows. Therefore,
it appeared that in the experimental setup used for vesicle motility experiments in this chapter,
it would not be possible to achieve significantly higher drift velocities by simply reducing the

densities of DNA constructs.

3.4.3 Effect of vesicle size on directional motion

Another factor that was observed to affect the vesicle drift velocity along the gradient was the
size of the GUVs. As mentioned before, the GUVs samples used for the vesicle motility experi-
ments in this chapter were polydisperse, with diameters ranging from 1-50 um (see Figure 3.3).
As the diameters of GUVs were measured during the automated tracking process outlined in
Section 2.6, this allowed the relationship between vesicle size and motion to be studied.
When binning the experimental trajectories by vesicle diameter, it was observed that larger
vesicles travel along the gradient with greater drift velocities on average, as shown in Fig-
ure 3.16. This trend is most visible in the [ = 5nt system where vesicles are the most mobile,
but is also present for the less mobile [ = 6nt system. Simulated trajectories for vesicles
of varying diameters confirm the experimental trends for [ = 5 and 6nt, which can also be

seen in Figure 3.16. In both experiments and simulations, the mean drift velocity is typically

90



EXPERIMENTS

I=5 I1=6 1=7
0.10 i

5 5 5 002

B B 0029 °

© © © 0.01-

2 E .05 2 E 0.011 o £

52 £z sz o

o9 o g 0.00 o9

o 8 0.00 >3 >5-0.01

o 5 o 5—0.01- o o

© © (]

o £ 9 5 2-0.02-

z Z —0.02- z

—0.05-
599900 i 589900
“ S5 “ S5 “ 9
GUV diameter / pm GUV diameter / pm GUV diameter / um
SIMULATIONS
I=5 I=6
1 —_
_0.0207— 3 3 B
g — 0015' g — g —
o _ C 21 - O
g £ 0.0107 8 e S e
2 £ 0.0057 2 N 25
O O O
o - o - o
g5 0% g5 ° B
o §~0.0051 o B -11 0B |
§ ©-0.0104 | - g o =5 g o4
o e | 1 o 2 -2 o 2 -6
z -0.0154 | Z L z _gll
0.2 1.0 1.8 0.2 1.0 1.8 0.2 1.0 1.8
GUV diameter / pum GUV diameter / um GUV diameter / um

Figure 3.16: Drift velocity increases with increasing vesicle diameter. The box plots
illustrate the relationship between GUV size and the average drift velocity along the gradient,
for sticky end lengths [ = 5, 6 and 6 nt, where the average velocity has been calculated as total
displacement parallel to the gradient divided by the trajectory duration. Positive values indicate
motion of the vesicles towards regions of higher ligand surface density. For each box plot, the
mean is marked with a cross. Note that outliers have been excluded for better visualisation,
and the experimental data have been filtered to the “mobile” vesicle population; full data are
shown in Figures C.7 and C.8 in the Appendix, respectively.

greater than the median, due to the vesicle velocity distribution having a positive skew. There
is not a clear relationship between vesicle size and drift velocity for the least mobile system,
[ = 7nt, in neither experiments nor simulations. This is likely due to the drifting motion being
overwhelmed by the stochastic component of the motion, in this low-mobility system. As a
comparison, the distribution of vesicle velocities perpendicular to the gradient are plotted in
Figure 3.17. From this plot, it can be seen that regardless of vesicle size, the vesicles do not
exhibit a significant drift perpendicular to the gradient; this finding is consistent with the data
in Figures 3.10 and 3.11.

To test the statistical significance of the relationship between vesicle size and drift velocity,
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Figure 3.17: Vesicles do not exhibit a trend between average velocity perpendicular
to the gradient and vesicle diameter. The box plots illustrate the relationship between
GUYV size and the average vesicle velocity perpendicular to the gradient, for sticky end lengths
[ =5, 6 and 7nt, where the average velocity has been calculated as total displacement per-
pendicular to the gradient divided by trajectory duration. For each box plot, the mean is
marked with a cross. Note that outliers have been excluded for better visualisation, and the
experimental data have been filtered to the “mobile” vesicle population; full data are shown in
Figures C.9 and C.10 in the Appendix, respectively.

the one-sided Welch’s t-test was employed. This tests the null hypothesis that the mean of a
population is significantly greater than the mean of another population; however, unlike the
Student’s t-test, it does not assume that the populations have equal variance. The t-test was
used to compare the mean displacements of vesicles binned by vesicle diameter; in this case, the
null hypothesis is that the mean displacement of the bin corresponding to larger vesicles is less
than or equal to the mean displacement of the other bin. Referring to the experimental data
for the [ = 5 system plotted in Figure 3.16, if the t-test is performed on the smallest (< 5 pum)
and largest (> 25 um) diameter bins, this yields a p-value of 7.37 x 107%. Alternatively, if the

vesicle data from the [ = 5 experiments are split into two groups, one with vesicle diameter
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< 15 pum, and the other with vesicle diameter > 15 um, Welch’s t-test on these two groups
gives a p-value of 1.19 x 1079, Likewise, splitting the [ = 6 experimental data into two groups
(the first with vesicle diameters < 15 um, the second with diameters > 15 um) and performing
Welch’s t-test yields a p-value of 2.30 x 1073, For [ = 7, this same test returns a p-value of
0.981.

The same statistical test was also conducted on the simulation data plotted in Figure 3.16.
In this case, the velocities of vesicles with 0.2 ym diameter were compared with those of 1.8 pm-
diameter vesicles. The one-sided Welch’s t-test yields p-values of 1.17 x 1072, 9.32 x 10~3 and
0.359 for [ = 5, 6 and 7, respectively.

Altogether, for both experimental and simulated trajectories, the results of the t-test indi-
cate that the null hypothesis for [ = 5 and [ = 6 can be rejected. This supports the earlier
claim that larger vesicles drift along the ligand density gradient at a greater rate compared with
smaller vesicles. Note that this does not hold for [ = 7, although this is likely due to the drift
velocity being so low that it is indistinguishable from the stochastic component of the motion

(as well as tracking errors for experimental trajectories), as discussed before.

A potential explanation for the relationship between vesicle size and drift velocity along the
gradient in the mobile systems (I = 5 and 6 nt) is that larger vesicles cover a greater extent of the
gradient, corresponding to a greater change in binding affinity across the width of the contact
region. For example, for a vesicle located in the centre of the gradient plotted in Figure 3.5b,
the ligand density varies by ~ 5% across a 5 um-diameter contact region, and by ~ 20% across
a 20 pm-diameter contact region. The rate of bridge formation on the side of the contact region
facing up the gradient would thus be higher for the larger vesicle. This means that the set
of constraining bridges migrates up the gradient at a higher rate, resulting in a greater drift
velocity for the larger vesicle. This effect has also been discussed in Ref. [288|, where the
motility of influenza virus particles along surface density gradients of adhesive molecules was
studied. In this case, no directional bias was observed in the virus motion, which the authors

believed was due to the small size of the virus particles relative to the steepness of the gradient.

It must be noted that the finding of larger vesicles exhibiting greater drift velocities was
not initially intuitive, as larger vesicles would be expected to be less mobile due to the larger
number of receptor-ligand bridges [268]. However, this effect appears to be cancelled by the
ability of larger vesicles to sense a greater extent of the gradient. These two competing factors
perfectly compensate each other in the theoretical prediction reported in Equation 3.21 in the
weak-binding regime, where v{2 is not dependent on R. Evidence of a size-dependent drift
velocity in both experiments and simulations further highlights the limitations of the theoretical

approach leading to Equation 3.21 in the strong-binding regime relevant to our system.

Given the findings on the impact of vesicle size relative to the gradient steepness on the
drift velocity, it could be argued that varying vesicle size for a given gradient is comparable
with varying gradient steepness for a given vesicle size. Therefore, the results from this section
would indicate that increasing the gradient steepness would result in increased drift velocity.

Although the experimental method of generating ligand-density gradients did not allow for
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tuning of the gradient profile, the effect of varying the gradient steepness on drift velocity was
explored in simulations, as shown in Figure 3.15. As expected, simulation results show that as

the gradient steepness increases, the drift velocity of vesicles along the gradient increases.

3.5 Chapter summary and outlook

In summary, the motion of receptor-decorated vesicles adhering to a ligand-decorated surface
was studied, through a combination of experiments, simulations and theory. In particular,
directional bias of vesicle motion in the presence of ligand-density gradients was investigated.
In experimental systems, the receptors and ligands were constructed from DNA oligonucleotides
with complementary single-stranded sticky ends, whose binding kinetics could be tuned by
varying the sticky end sequences. Coarse-grained simulations relied on a reaction-diffusion
approach first reported in Ref. [268], which describes the binding and unbinding dynamics of
receptors and ligands through a Gillespie algorithm.

In both experiments and simulations, the vesicles were observed to move over the substrate
with a directional bias towards regions of higher ligand density. The magnitude of the di-
rectional drift velocity was observed to decrease with increasing receptor-ligand affinity, which
could be easily controlled by changing the length of the sticky ends through which the constructs
interact.

Theoretical arguments presented in this chapter demonstrate that in the regime relevant
to the experimental system, directional motion is limited by the time scales of the receptor-
ligand reactions. In both experiments and simulations, the ratio between the drifting velocity
of systems with different sticky end lengths was found to closely match the ratio between the
unbinding rates, in agreement with the predicted scaling relation. An analytic prediction of
the vesicle drift velocity was also derived by using the predicted expression for the diffusion
constant from Ref. [268| and applying the fluctuation-dissipation theorem. This prediction was
found to significantly overestimate the simulated drift velocities, although the prediction of the
diffusion constant in Ref. [268| was derived in the weak-binding regime, and thus would not be
expected to apply to the experimental system in this chapter.

Another factor that was noted to affect the vesicle drift velocity was the size of the vesicle.
A positive correlation was observed between vesicle size and drift velocity in both experiments
and simulations; this trend was more noticeable in the more mobile systems [ = 5 and 6 nt.
A potential explanation for this trend is that larger vesicles are able to probe a greater extent
of the ligand-density gradient, corresponding to a greater difference in receptor-ligand binding
probabilities across the width of the contact region between the vesicle and the substrate.

All in all, the findings in this chapter offer quantitative insights on the mechanisms un-
derpinning directional motion in multivalent systems, which is relevant to a potential passive
mechanism underlying haptotaxis of cells along ligand-density gradients. Examples of hapto-
tactic phenomena in biology include immune cell adhesion [301, 302], viral invasion |71, 72, 73],

and tissue dynamics [71, 74, 301|. Although the limited drifting velocity of vesicles along the
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ligand density gradients perhaps is not relevant to haptotaxis in biological contexts (which
may instead be driven by active processes), comparisons could be made with the re-orientation
of cells along gradients in binding affinity. An example of this includes the re-orientation of
malaria due to the release of adhesin from the apical region of the parasite, which produces a
transient gradient in binding energy [303]. In future studies, it would be interesting to explore
additional parameter spaces such as temperature, buffer conditions and gradient steepness, as
well as working in more weakly-binding regimes (i.e. by reducing sticky end length or decreas-
ing DNA density); this may require alteration of the experimental setup to reduce convection
effects. Ideas for future investigations are discussed in further detail in Chapter 5.

Although the speed and range of motion of the GUVs in the experimental system are limited,
the findings from this chapter provide knowledge to aid future designs of synthetic cells capable
of moving along surface-bound molecular gradients. Future designs of haptotactic synthetic
cells with improved speed and range of motion (perhaps with the aid of active haptotaxis
mechanisms) could be valuable for a vast range of applications, such as: smart drug delivery
systems that can target and release drugs at specific locations in the body [304, 305, 306, 307,
308]; vesicle-based biosensors or biomedical imaging systems that signal the presence of specific
molecules or conditions [309, 310, 311]; or tissue engineering applications where gradients of

molecules or growth factors are used to direct cell migration and tissue formation [312, 313, 314].
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Chapter 4

A burnt-bridges adaptation of the vesicle

motility system

In Chapter 3, vesicle mobility while remaining attached to a substrate via multivalent adhesion
was studied. However, the speed of the vesicle motion was limited due to restrictions of the
experimental design on the strength of the multivalent adhesion and the unbinding rate of
receptor-ligand bridges. Theoretically, if the strength of the multivalent adhesion were reduced
(either by reducing the DNA densities, or by changing the strand designs to decrease the binding
strength of receptor-ligand bridges), the vesicle drift velocity would be increased. The issue
with the passive motility system is that the strength of adhesion is coupled with the off rate
of GUV-substrate bridges; a fast off rate is required to ensure fast motion, but a fast off rate
corresponds to weak adhesion, which means that the vesicles do not stay attached and are

instead carried by convection flows in the samples.

From this finding, it became clear that the system design would need to be adapted to deter
the vesicle from getting fixed in a single location on the substrate, while maintaining sufficient
strength of multivalent adhesion. To achieve this, the adhesion strength would need to be
decoupled from the off rate using an active mechanism. One potential solution to this problem
would be a burnt-bridges approach, i.e. a mechanism that prevents the GUV from repeatedly
re-binding to the same binding sites on the substrate due to “burning” of the GUV-substrate
bridges; prior to being “burned”, the bonds are essentially irreversible, thus enabling strong
adhesion. Burnt-bridges mechanisms have been employed in previous work on vesicle motility,
generally with the use of enzymes; for example, in Ref. [246|, nicking enzymes are used to
digest RNA binding sites on a substrate and encourage both directed and un-directed motion

of vesicles.

In Ref. [241], a system was presented in which a bipedal DNA walker was designed to
move uni-directionally along a one-dimensional DNA track, using a burnt-bridges approach.
This design did not require the use of enzymes or other non-DNA material to implement the
approach, but instead made use of the common DNA nanotechnology mechanism TMSD to
actively displace the ‘feet’ of the walker from the track and prevent it from re-binding to old

binding sites. By incorporating this mechanism into my vesicle motility system, the vesicle
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essentially becomes a multi-footed version of the bipedal DNA walker from Ref. [241].

In this chapter, I present an adaptation of the vesicle motility system with a burnt-bridges
approach. The DNA mechanism is verified in bulk before being incorporated to the vesicle
system. The reaction-diffusion dynamics of the system are modelled and fitted to experimental
data to gain a deeper insight of the kinetics and obtain values for key experimental parameters.
Findings on vesicle motion in the burnt-bridges system are then presented, demonstrating that
vesicle mobility increases with increased rate of the the bridge-burning reactions, and with
decreased density of DNA on the substrate. Finally, I consider if the increased mobility of the
burnt-bridges system enables increased haptotactic drift velocity along DNA surface density

gradients. All work in this chapter was conducted by me, unless specified otherwise.

4.1 Overview of the burnt-bridges vesicle motility system

The burnt bridges vesicle motility system is set up in a similar way to the vesicle motility system
presented in Chapter 3. GUVs are again used as the biomimetic platform to study artificial cell
motility; the GUVs are functionalised with DNA constructs, which bind with complementary
DNA constructs attached to a substrate. The GUV constructs (G) and substrate constructs
(S) feature the same anchor moieties and dsDNA spacers as the receptor and ligand constructs
in Chapter 3, respectively. However, the reactive moieties of G and S have been updated so
that they no longer consist of short sticky ends; the updated sequences enable the burnt-bridges
DNA mechanism, also schematised in Figure 4.1. Furthermore, a third DNA component is now
included in the bulk solution, referred to as the fuel strand (F'); F' provides the fuel that is
expended by the burnt-bridges mechanism.

As stated in the introduction to this chapter, the burnt-bridges DNA mechanism (and
strand designs) are based on those for the bipedal DNA walker in Ref. [241]. The DNA mech-
anism involves TMSD, a process that is commonly used in DNA nanotechnology in which an
invader DNA strand displaces another strand from a DNA duplex (described in more detail in
Section 1.3.3).

Initially, the substrate construct (S) exists in its unbound state (stage 1 in Figure 4.1). A
free GUV construct (G) binds to the complementary toehold on S, and proceeds wvia branch
migration to open the hairpin structure in S. This results in the substrate-GUV (SG) bridge
structure shown in stage 2 of Figure 4.1, where S and G are irreversibly bound together by 27 bp;
this complementary region is much longer than the complementary sticky ends in Chapter 3
(5-7bp) of which the binding was reversible. Due to opening of the hairpin structure in S, a
toehold on S becomes exposed to a complementary overhang on the fuel strand (F'). F thus
binds to the toehold on S, displacing G and simultaneously opening the hairpin structure in
F. This results with the final substrate-fuel (SF') structure shown in stage 3 of Figure 4.1.
After formation of SF, G can no longer bind to the substrate construct, as this would require
the energetically unfavourable displacement of F' from SF'. This corresponds to the ‘bridge-

burning’ behaviour of the system, as the GUV cannot rebind multiple times to the same binding
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Figure 4.1: Schematic of the burnt-bridges system. The GUV and substrate are function-
alised with complementary DNA constructs (G and S respectively), while the fuel strands (F)
are in bulk solution. The burnt-bridges DNA mechanism can be broken down into two steps,
each involving toehold-mediated strand displacement: binding of the G to S opens the hairpin
structure in the latter (stage 1 to 2), and binding of F' to a tochold on S displaces G (stage 2
to 3). The toeholds and complementary regions of invading strands are highlighted in stage 1
and stage 2. The fluorophore (Alexa Fluor 488, marked as a green star) and quencher (Iowa
Black FQ, marked as a black circle), attached to S and F' respectively, enable monitoring of
the burnt-bridge process via fluorescence imaging.

site on the substrate.

As mentioned in the introduction of this chapter, the bridge-burning process enables decou-
pling of the binding affinity and the off rate. The binding of the 27 nt complementary sequences
of S and G is irreversible, allowing for strong adhesion of the vesicles to the substrate. However,
the off rate is now given by the strand displacement rate (where G is displaced from SG upon
binding of F), rather than the spontaneous unbinding rate of SG in the absence of F. The
bridge-burning adaptation of the vesicle motility system should thus offer more scope for ex-
perimental systems with lower bridge densities than in the passive system, as the stronger SG

bonds in the bridge-burning system are more resistant to shear forces from convection flows.

4.2 Modelling the kinetics of the burnt-bridges system

4.2.1 Modelling the kinetics in bulk solution

This section focuses on the kinetics of the burnt-bridges mechanism in bulk solution (i.e. when
the DNA constructs are not attached to the vesicle or substrate, and are simply dissolved in

solution). The chemical equations for the burnt-bridges DNA mechanism in bulk solution are
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simply
S+GM sa

) (4.1)
SG+F 2 spia

where k1 and ko are effective second-order toehold-mediated strand displacement rates. As the
toeholds in both cases are seven nucleotides long, fast equilibration toward the final products
should be achieved, so transitional binding states are neglected and the reactions in Equation 4.1
are modelled as irreversible, second-order reactions. The concentrations of S and F' can then

be described with the following differential equations

A = —ky[9)[G)

H[SF] (4.2)
o = ke[ SGI[F],
where [X] denotes the concentration of species X. Meanwhile, conservation of mass gives
[S]+[SG] + [SF] = [So]
[F] + [SF] = [F] (4.3)
(Gl +[SG] = [Gol,

where [Sy], Fp] and [Gp] are the initial concentrations of S, F' and G respectively (prior to any
reactions occurring). Equations 4.2 and 4.3 can be combined to eliminate variables and arrive

at the following set of coupled differential equations in terms of [S] and [SF] alone:

U] — iy [S](1Go] — [So] + [S] + [SF))

ASE) — ky([So] — [S] — [SFI)([Fo] — [SF)).

(4.4)

The differential equations in Equation 4.4 were solved numerically using the integrate.odeint
sub-package of the Python scipy library, to model the concentrations of [S] and [SF| over time.

The bulk fluorescence intensity I, was then calculated as

;o _ S|+ 6ISF]
bulk [SO]
_ 5] - [S[?]Jr 0[SF] (4.5)
[So] + (1 — O)[SF|

[So]

where 6 is the quenching factor that describes the reduction in fluorescence intensity when
F binds to S to form SF, i.e. the ratio of the fluorescence of [SF] to [S] (0 < 0 < 1).
The factor of [Sy] in the denominator of Equation 4.5 normalises the intensity such that the
maximum intensity (i.e. the intensity prior to any reactions occurring) is set to 1. Ipuy is
then fitted to the experimental fluorescence intensity using the minimize module of the Python

library scipy.optimize, scoring the closeness of the fit by calculating the sum of the squared
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residuals. Rate constants ki and ko were fitted, with their values constrained to lie between
0-1nM~1ts™!. The quench ratio 6 was fitted and constrained to lie between 0-1. The initial
concentrations of the constructs ([S]o, [G]o and [Fg) were also fitted, to account for pipetting
errors in experiments; constraints were placed on the fits to allow an uncertainty of 10% in the
initial concentrations. Furthermore, the time delay At between the start of the reactions (i.e.
the addition of G to the samples) and the start of the fluorescence measurements was fitted;
this was constrained to lie between 0-10 minutes. Note that At was not fitted by inputting this
variable as a fitting parameter to the minimize module, as was done for the other parameters;
instead, the entire fitting process was repeated such that a fit of all the other parameters
was conducted for a range of discrete values of At (ranging from 0-10 minutes, at intervals
of 20 seconds). The value of At corresponding to the best fit (scored by the sum of squared

residuals) was chosen as the optimal fitted value.

4.2.2 Modelling the bridge-burning patterns formed within vesicle

adhesion patches

As discussed in Section 4.1, in the burnt-bridges version of the vesicle motility system, vesicles
adhere to the substrate via the binding of GUV constructs (G) and substrate constructs (.59).
Fuel constructs in bulk solution diffuse under the vesicle adhesion patch and displace G from
the SG complexes, thus breaking the bridging points between the vesicle and substrate and
preventing the GUV constructs from repeatedly re-binding to the same substrate constructs.
Under certain experimental conditions, it is possible to observe the bridge-burning process
propagate inwards from the perimeter of the adhesion patch as the fuel strands diffuse under
the vesicle; results from this are presented later in Section 4.5. Here, I design a reaction-
diffusion model that describes (and is then fitted to) experimental bridge-burning patterns;
this approach was inspired by the reaction-diffusion model designed in Ref. [315] to describe
the patterning of 3D DNA condensates.

In this model, the vesicle was assumed to be located on a region of the substrate with
uniform density of the substrate construct (S); the substrate was thus modelled as a two-
dimensional system with S evenly distributed across a flat surface. Diffusion of F' strands
through the contact region (filled with a DNA brush consisting of S and G constructs) was
modelled with Fick’s laws, and additional terms were used to describe the DNA binding kinetics.
The contact region was assumed to be circular, and rotational symmetry allowed for reduction
of the two-dimensional diffusion equation to a one-dimensional equation in radial coordinates.
Furthermore, the surface densities of S, G and SG bridges were converted to concentrations by
assuming that the constructs are uniformly distributed within a layer of thickness L = 10nm
(corresponding to the approximate length of the spacer moiety of the DNA constructs) between
the vesicle and the substrate.

As in the model in Section 4.3, both strand displacement reactions of the bridge-burning
DNA mechanism (described in Equation 4.1) were modelled as irreversible second-order reac-

tions, and transitional binding states are neglected. The reaction-diffusion dynamics can then
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be described by the following set of coupled differential equations

(%8 — 1, [5)[C]

%Ly [S][C] + kalSCIF] + Dg - 12 (r29))

a[th} = k1[S][G] — ko[SG][F] (4.6)
UL = kel SGIIF) + D - 15 (v

AH = kolSCI[F)

where Dg and Dy are the diffusion constants of G and F' respectively, r is the radial coordinate,
t is time and [...] indicates concentrations. Note that there are no diffusion terms in the equation
for S, SG or SF due to immobility of binding sites on the substrate.

To simplify the model, it is assumed that G diffuses sufficiently quickly such that the
distribution of unbound G constructs over the vesicle membrane is approximately uniform.
The assumption holds if the binding of G to S is slow compared to the time scale to relax
density fluctuations in GG, an assumption also made when modelling the basic gradient motion
system in Chapter 3. However, even if this assumption does not apply, it would not have a
significant impact on the model results as the majority of S constructs are already bound to
G constructs at the start of the experiment. Therefore, the pattern formation process is likely
to be limited by the bridge-burning step (i.e. displacement of G from SG by F') and by the
diffusion of F', rather than the re-binding of GG to the remaining unbound S. Nevertheless,
including the finite diffusion rate of G over the vesicle membrane could be a useful addition to
future implementations of this model.

As each GUV construct must either be in its unbound G state, or bound in an SG bridge,
the (uniform) concentration of G can be calculated by integrating the concentration of SG
over the contact region and subtracting this from the total number of GUV constructs over the

entire vesicle membrane, as follows:

_ 3nR(Go] — [[,[SG(r,1)]dA
n 31 R?

~ (6o~ 5 | /A 1SG(r, 1)]dA
1 R

= [Gy| — ﬁ/o [SG(r,t)] - 2mwrdr

[G()]

= [Go| — i/O [SG(r,t)]rdr

3R?
where [Gy] indicates the concentration of G constructs on the vesicle membrane prior to adhesion
to the substrate; R and A correspond to the radius and area of the contact region respectively.
Expressions of the form [X(r,t)] denote the concentration of species X at radial distance r and
time ¢. Note that the vesicle is modelled as a hemisphere with total surface area 37R?.
The vesicle is initially adhered to the substrate with uniform (i.e. r-independent) bridge

density ppo, which is estimated in the same way as in Chapter 3. Note that under relevant
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experimental conditions, we expect the bridge density to be saturated at all times, reaching its
maximal value set by the concentration of free S and G. It is assumed that there are initially
no I’ strands within the contact region, which means that SF is also initially zero throughout

the contact region. The initial conditions are denoted as

([F(r,0)] = 0, Wr
[SF(r,0)] =0, Vr
[SG(r,0)] = 222, Vr
[S(r,0)] = [So] — 72, ¥r

L[G(r,0)] = [Go] — 57, Vr

where [Sp] is the concentration of S constructs prior to adhesion of the vesicle to the substrate,
and the expression for G follows from Equation 4.7. Note that the bridge densities ppo have
been converted to concentrations by dividing by L = 10 nm, as mentioned previously.

The outer edge (r = R) of the contact region was modelled as an interface in a two-
compartment system (comprising of the interior and exterior of the contact region) that is
permeable to F'; and where binding is neglected. At the centre of the contact region (r = 0) the

boundary is considered an impermeable surface. The boundary conditions are thus denoted as

(

[S(r = R, t)] = [So]
[G(r > R, t)] = [Go] — 52 [,[SG(r, t)]rdr
[SG(r > R,t)] =0 ",
[SF(r> R,t)] =0
B[F(gjo,t)} —0
| P =k ([Fo] = 3[F(r = R.1)])

where [Fp) is the bulk concentration of F', k;, is a rate describing exchange of F' between the
contact region and the bulk, and \ is a partition coefficient for F' in the contact region. [Fy| was
assumed constant in the limit of excess F. For the numerical implementation of the model, the
partition coefficient was set to A = 1; this decision was made due to the finding in Ref. [315],

where the partition coefficient was observed to have no significant effect on the fitting outcomes.
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Numerical implementation of model

The reaction-diffusion model was solved numerically, by discretising the radial axis into equidis-
tant points r, = ndr forn = 0,1,2,..., N (where 07 is the spacing and N = R/dr) and applying
a finite differences methods described by Crank [316]. DNA concentrations in discretised radial
coordinates are denoted as [X],, which is the concentration of species X at position n. The
second order spatial derivative in the fourth line of Equation 4.6 can then be approximated

with centred finite difference approximations, such that the differential equation for F' can be

reduced to
5[F) %([F]l_ [Flo) — k2[SGLa[F]n n=>0
51— ) moe (2n+ 1)[F]n+1 An[Fln + (20 = 1)[Flo) = k[SCLa[Fln 0 <n <N
(4.9)
The remaining DNA species were modelled in discretised radial coordinates as
o[S]n —k1[S]u[G], 0<n< N
[&! ] = (4.10)
0 n=N
0[SF, ka[SGln[Fl, 0<n <N
[&] Vo N (4.11)
n =
d[SGl, k1[S]n[G)n — k2[SGlu[Fln, 0<n <N (4.12)
ot o n=N '
Gol — 5% >0 o ([SGly -mdr-6r) 0<n<N
G, — {160 5 S (G- mor o) 0 < i

o

n=N

where the expression for GG follows from Equation 4.7 and applies for all n.

Modelling the intensity map

Equations 4.9 to 4.13 were solved numerically using the odeint function of the Python
scipy.integrate sub-package [317]. The solution provides the concentration variation over
time of the DNA species S, F', G, SG and SF. The radial coordinates were then converted
back from integer values n to units of radial distance r = ndr, and the concentrations were

converted to fluorescence intensity as follows:

[S(r,t)] + [SG(r,t)] + 0[SF (r,t)]
[So]

[model<7n7 t) = (414)

where I0q01(7, t) is the modelled fluorescence intensity at radius r and time ¢, and 6 is the

quenching factor describing the reduction in fluorescence intensity when F' binds to S (as in
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Section 4.3). The factor of [Sy] in the denominator scales the intensity such that the maximum
intensity (i.e. fluorescence intensity of the substrate prior to binding of F') is normalised to 1,
for direct comparison with the normalised experimental data.

Gaussian smoothing was applied to the intensity profile to account for the finite imaging
resolution of the experimental data. The radial intensity map Ioqe(r, t) was first interpolated
onto two-dimensional Cartesian coordinates (i.e. Inogel(, y,t)) and then convolved with a two-
dimensional Gaussian point spread function (PSF). The width of the Gaussian PSF was either
set to the lower bound determined by experimental diffraction blurring, or was determined by
fitting the model to the boundary of the bridge-burning pattern in the experimental data. In the
case of experimental diffraction blurring, light that passes through a circular aperture produces
a diffraction pattern known as an Airy disk. The full width at half maximum (FWHM) of the
Airy disk is calculated as [318]

by
FWHM = 0.51- . 4.15
NA (4.15)

The fluorophore used in experiments (Alexa Fluor 488) has an emission maximum of
A =517nm, which corresponds to a FWHM of 586 nm. If we approximate the PSF with a

Gaussian kernel, the width of the Gaussian point-spread function is then given by

FWHM
o= (4.16)

2v/2In2’
which evaluates to 0 =0.249 um for the experimental setup.

It is likely that the value of o calculated from the theoretical diffraction limit is an un-
derestimate. For example, diffraction blurring of experimental images could be greater than
the theoretical value calculated from the width of the Airy disk. Furthermore, non-diffraction
factors (e.g. imprecise identification of the centre of the contact region in experimental image
data, and analysing contact regions that are not perfectly circular) could also contribute to
blurring or distortion of the experimental radial intensity maps. Therefore, o was alternatively
left as a fitting parameter. Once o is determined (either by the diffraction-limited value, or by
fitting to experimental data), the intensity map Iyoqel(,y,t) is convolved with the Gaussian
PSF, and then converted back to radial coordinates (Inogel(r,))-

Extracting pattern intensity maps from experimental image data

Time lapse data of bridge-burning patterns were initially loaded in the image analysis software
Fiji [319]. Patterns were selected for analysis to have sufficiently large radius for the propagation
of the bridge-burning front to be clearly visible, and to have an approximately circular outer
perimeter. The patterns were selected and cropped manually (e.g. see Figure 4.2a), to aid
identification of pattern regions during later automated steps in the image analysis.

Intensity profiles were measured for each frame of the cropped time lapse data using custom
software written in Python. First, the centre of the bridge-burning pattern was located in each
frame of the time lapse. The image was first smoothed with a Gaussian filter to reduce noise,

and binarised such that the burned regions were distinguishable (see Figure 4.2b). The Python
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Figure 4.2: Extracting the intensity profile of a bridge-burning pattern. A snapshot
from a time lapse of a bridge-burning pattern at time ¢ = 0 is shown in (a), while (b) shows
the same snapshot after Gaussian smoothing and binarisation. The measured centre of the
pattern is marked with a cross in (c), along with equally-spaced concentric circles representing
the radial-binning process; note that the width of radial bins is larger than the actual width of
0.5 pm, for ease of visualisation. (d) shows the azimuthally-averaged intensity as a function of
radial distance r at time t = 0 (i.e. I(r,t = 0)), with the standard error of the mean shaded.
The intensity map I(r,t) is shown in (e), with a colour bar indicating the intensity values.

library OpenC'V |260] was then used to locate the centre of the burned contact region. This was
done by first locating contours in the binarised image using OpenCV’s findContours function,
of which the largest was identified as the approximate edge of the contact region. A rough
estimate of the radius of the contact region was obtained by fitting a circle to the contour,
using the Python library Circle-Fit. The centre of the burned region was then fine-tuned by
applying a template-matching method using OpenCV’s matchTemplate function. For images
where an annular region had previously been detected (i.e. the findContours function detected
two concentric circles), an annular template was applied; otherwise, a circular template was
applied. A distance transform was applied to the image and template prior to the template-
matching process to account for error in the radius estimate, similar to the use of the distance
transform to locate vesicles in polydisperse samples (outlined in Sections 2.6 and 3.2.5).

After locating the centre of the contact region, each pixel in the image was binned based
on distance r from the centre of the contact region, and the average pixel intensity for each
radial-distance bin was calculated; see Figure 4.2¢ for a representation of the binning process,
and Figure 4.2d for a radial intensity profile for a given time point. This corresponds to taking

an azimuthal average of the intensity. The azimuthally-averaged radial intensity profile was
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measured for each time-point ¢ of the time lapse, to attain a 2D intensity map J(r,t) (e.g. see
Figure 4.2¢).

Finally, the intensity map J(r,t) was background-subtracted and normalised. The intensity
of the region of the image outside the contact region was averaged over, providing the maximal
signal J,... The background signal J, was estimated by averaging the pixel intensity in a
manually selected rectangular region that did not contain any substrate DNA. The intensity

map was then background-subtracted and normalised to obtain the experimental intensity map

J(T,t)-Jo

Lo (rt) = 22— =0
ep(r ) Jmax_JO

(4.17)

Note that this corresponds to an approximate normalised intensity of 1 in unburned regions of
the substrate.

Fitting model results to experimental data

This section details the steps taken to fit parameters of the reaction-diffusion model (in Sec-
tion 4.5) to experimental data of bridge-burning pattern formation. The modelled intensity
map Iiodel (7, t) was fitted to the experimental intensity map Iex,(r,t), where I(r,t) is the fluo-
rescence intensity at radial distance r from the centre of the vesicle contact region and time ¢
from the start of the experiment.

The fitting process was conducted in several stages, by grouping correlated parameters and
fitting each group separately, to improve the time efficiency of the process. The parameter
groups influence different aspects of the intensity profile, such that the fit results of one group
have an insignificant correlation with the fit results of another group. 6 was fitted directly to
the fluorescence intensity of the burned region of the substrate. R and o were fitted to the
diameter and blurring of the boundary of the burned pattern, respectively. At, ki, and Dp
were fitted together as they determine the position of the propagating bridge-burning front in
the intensity map. Finally, k; and ko were fitted together as they correspond to the blurring of
the propagating bridge-burning front.

Parameters were typically optimised by varying the parameter value inputs to the model,
and calculating the residual map i.e. the difference between the model and experimental inten-
sity for each point in I(r,t) (see Figure 4.3). The similarity of the model to the experimental

data was then scored by calculating the mean squared value of the residual map,
1
Score = N Z([model(r, t) — Texp(r, t))?, (4.18)
Tt

where the summation is carried out over all radial distance bins r and all time points ¢, and N
is the total number of residuals summed over. The parameter values that minimised the score

function were taken to be the optimal values.

107



(a) (b)
1.00 1.00 0.2
2 2 2
3 10 0.75 3 0.75 3 0.1
K K K
= 0.50 = 0.50 = 0.0
_— R R
g 025 ¢ 025 ¢ ~0.1
[ [ [
0 0.00 0.00 -0.2
0 20 0 20 0 20
Radial distance, r / um Radial distance, r / um Radial distance, r / um

Figure 4.3: Comparison of an experimental bridge-burning pattern with a fitted
model, and the corresponding residual map. The normalised intensity map e, (7, 1)
extracted from the experimental pattern data in Figures 4.9 and 4.2 is displayed in (a), while
the fitted model intensity map Iimoqer (7, t) is shown in (b). The residual map Iodel (7, t) = Lexp (7, )
is shown in (c).

Fitting 6

The quenching factor 6 was the first parameter to be fitted, as it can be directly extracted from
the normalised fluorescence intensity in ‘burned’ regions of the substrate (see Figure 4.4). To
measure 6, the burned region of the normalised experimental intensity map I(r,t) was smoothed
(by time-averaging over the last five frames of the time lapse, then applying a rolling mean with
a window size of 10 pixels). € was then determined as the minimum value of the smoothed,

normalised intensity data.

Fitting R and o

The radius R of the vesicle contact region was fitted to the boundary of the bridge-burning
pattern (see Figure 4.4). An initial estimate for R was determined as a radial distance approx-
imately midway along the boundary between the minimum fluorescence ‘burned’ region of the
substrate, and the maximum fluorescence ‘unburned’ region of the substrate. The estimate of
R was then refined by modelling the boundary region of the radial intensity profile with the
step function Igep(r) = 6 for r < R, Igep(r) = 1 for r > R. R was varied, and Igep(r) was
compared with the boundary region of the experimental data (averaged over the second half of
the time lapse duration to ensure sufficient bridge-burning within the boundary). The fit of R
was scored by calculating the sum of squared residuals (see Equation 4.18), to find the optimal
value of R.

The width o of the Gaussian PSF applied to the modelled intensity data was also optionally
fitted to the boundary region of the radial intensity profile, instead of setting o to the lower
bound determined by the theoretical diffraction limit (see Section 4.2.2). The reasoning for
fitting o to the boundary is that the blurring of the boundary in experimental data depends
solely on the finite resolution of the image data (at least theoretically). On the contrary,
blurring of other features of the experimental intensity map I(r,t) such as the propagating

bridge-burning front may also be limited DNA reaction rates k; and ko. It must however be

108



burned boundary
substrate of pattern

=
o
I

<«— max. intensity

o
(o¢]
1

—— model
—— experimental

o
(o)}
1

Normalised intensity
©
SN
1

<+— quenching factor

0 10 20 raaius 30
Radial distance, r / um

Figure 4.4: Fitting the quenching factor and experimental image resolution to the
normalised intensity profile of an experimental bridge-burning pattern. The plot
displays the radial intensity profile of a bridge-burning pattern at time ¢ = 14 hours, extracted
from the pattern shown in Figure 4.9 and 4.2. Both the experimental data and fitted model
are shown. The boundary region of the bridge-burning pattern is highlighted in yellow. The
intensity has been normalised as described in Equation 4.17 such that the intensity outside
the burned region is approximately 1. The quenching factor # can be extracted from the
normalised intensity within the burned region of the substrate. In this case, the width o of the
Gaussian point spread function applied to the model has been fitted to the boundary region of
the experimental intensity profile, as described in Section 4.2.2.

noted that the value of o fitted to the boundary of the pattern may be an overestimate of
the image blurring in other regions of the pattern, as the blurriness of the boundary would be
particularly affected by non-circularity of the contact region perimeter.

To fit both R and o, the same step function Iep(r) was interpolated onto two-dimensional
Cartesian coordinates (i.e. Isep(2,)), convolved with a Gaussian PSF, and compared with the
experimental boundary region by calculating the sum of squared residuals. A grid-search was
performed over ranges of R and o to find the combination of these parameters that minimised

the sum of squared residuals.

Fitting At, k;, and Dp

At, ki, and Dp were fitted together as they influence the position and shape of the propagating
bridge-burning front in the intensity map I(r,t). At corresponds to translation of the intensity
map along the t-axis, while k;, and Dp determine the rate at which the bridge-burning front
propagates towards the centre of the contact region over time.

To incorporate the time delay At to the model, the modelled intensity map was shifted
in time (i.e. Inodel(7,t) — Imoda (Tt + At). At, ki, and Dp were then optimised by varying
all three variables and scoring the fit of the model to experimental data with Equation 4.18
to find the combination of At, k;, and Dp that minimised the score. The optimal values of
kin and Dp were further fine-tuned using the minimize function from the Python sub-package

scipy.optimize [317|. Note that scipy.optimize was not used for the initial coarse-grained opti-
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misation as the function is prone to locating local minima, due to noise in experimental data.

Fitting £y and ks

Finally, the DNA strand displacement rate constants k; and ks were fitted together as their
primary effect on the system is to influence the blurriness of the propagating bridge-burning
front; as the values of the rate constants decrease, the propagating front becomes more blurred.
Unlike other fitting parameters, these parameters generally did not exhibit clear minima in their
scoring functions. Under the relevant experimental conditions, k; does not have an observable
effect on the model solution. This makes sense as k; is the rate at which GG binds to unbound
S, but the majority of S is already bound to G at the start of the experiment. This means
that the bridge-burning process is predominantly limited by the rate at which F' displaces G
from S, and the rate at which F' enters and diffuses through the contact region. As k; does not
have an observable effect on the model results under experimentally relevant conditions, k; is
set to the fixed value of 10° M~!s™!, based on strand displacement rate constants reported in
literature [193, 320].

ko was observed to affect the model results, although the fitted value of ky is sensitive
to o, the width of the Gaussian PSF applied to the model results. This is because both o
and ks contribute to the blurriness of the propagating bridge-burning front. Therefore, if o is
underestimated (e.g. by setting o to the lower bound defined by the diffraction limit), it is
likely that ks will be underestimated to account for the reduced contribution to the blur from o.
By the same reasoning, if o is over-estimated (e.g. by inaccurate fitting of o to the boundary of
the pattern), it is likely that ko will be over-estimated, or that there will no longer be an upper
bound in the scoring function for ks as the blurriness of the propagation front is predominated

by the contribution from o.

4.3 Verifying and fitting the bridge-burning DNA mecha-

nism in bulk solution

Although the reactive moieties of the DNA constructs responsible for the burnt-bridges mech-
anism had already been designed and tested in Ref. [241], it was important to check that the
mechanism would still work as expected once the DNA constructs and experimental system

had been modified to be incorporated into the existing vesicle mobility set-up.

110



S+G {SG}+F

| Time (mins) | | Time (mins) | S+F G+F
S G 60 40 20 10 5{SG} F 60 40 20 10 5{SGF}¢{SF}¢

Key: S = substrate construct X+Y = X and Y incubated together at room temp.
G = GUV construct {XY} = X and Y annealed together
F = fuel construct {XY}+Z = X and Y annealed, then incubated with Z

Figure 4.5: Agarose gel electrophoresis confirms the successful formation of DNA
constructs for the burnt-bridges system. Gel results are shown for the substrate (S), GUV
(G) and fuel (F') constructs of the burnt-bridges system; reference ladder bands are displayed
in the outer two lanes. The results include samples in which multiple species of constructs have
been mixed in a 1:1 ratio, and either left to incubate at room temperature (with incubation
period ranging between 5-60 minutes, as labelled) or annealed wvia the process outlined in
Section 2.1.2, before running the gel. Note that the concentrations of the gel samples were
chosen to maintain the same total concentration of S, G and F' per sample; as F is a smaller
construct than S and G, the bands corresponding to F' appear less bright.

4.3.1 Agarose gel electrophoresis to verify constructs and binding ki-

netics

As an initial check, agarose gel electrophoresis was run to verify the formation of the DNA
constructs; the gel results are displayed in Figure 4.5. For this gel, S, G and F constructs
were prepared by mixing the appropriate amounts of their constituent strands in buffer (4 mM
MgCly, 15mM KCl, 1xTE) and annealing via the process outlined in Section 2.1.2; the gel
results for S, G and F' show bright bands corresponding to DNA structures of the expected
sizes, indicating successful formation of the desired constructs.

The kinetics of the burnt-bridges mechanism (detailed in Section 4.1) were also checked via
the gel electrophoresis by including samples consisting of various mixtures of S, G and F', in the
same buffer conditions (4 mM MgCly, 15 mM KCI, 1xTE). First, the binding kinetics of S and
G (stage 1 to 2 in Figure 4.1) were verified, by mixing S and G in a 1:1 ratio (such that their final
concentrations were both equal to 250 uM) and incubating at room temperature, for incubation
periods ranging between 5-60 minutes. These samples (labelled as S + G in Figure 4.5) were
run on the gel, along with a further sample ({SG}) with the same composition that was instead
annealed via the method outlined in Section 2.1.2. The gel results indicate the formation of a
larger DNA structure which corresponds to the successful binding of S and G. The brightness

of the bands for the non-annealed S + G samples appear similar for incubation periods of 5—
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60 minutes (and similar to the brightness of bands for the annealed sample), indicating that the
majority of S and G bind within five minutes of incubation at room temperature under these
conditions. Furthermore, it is apparent that a small quantity of S and G remain unbound.
This could be due to an excess of either S or G alternatively, truncation defects in a small

proportion of constructs could inhibit binding of G to the toehold on S.

Second, the kinetics of binding of F' to SG and subsequent displacement of G (stage 2 to 3
in Figure 4.1) were verified in the same gel. This was achieved by mixing an annealed sample
of S and G ({SG}) with F' (such that the final concentrations of S, G and F' were all equal
to 250 uM) and incubating at room temperature, for incubation periods ranging between 5—
60 minutes. These samples (labelled as { SG} + F' in Figure 4.5) were run on the gel, along with
a further sample ({SGF'}) with the same composition that was instead annealed. All of these
samples exhibit a new band corresponding to a DNA construct that is slightly smaller than
SG, but larger than the individual constructs (S, G and F); this indicates successful formation
of SF, which indeed is smaller than SG. The brightness of the band corresponding to SF
appears to increase with incubation period, especially for periods ranging from 5-20 minutes;
this suggests that it takes > 20 minutes for the majority of binding and displacement reactions
to occur under these conditions. Furthermore, it indicates that the process SG+ F — SF+ G
is slower than the process S + G — SG, indicating a slower branch migration rate (perhaps
as the former involves two branch migration processes while the latter only involves one).
Furthermore, differences in the sequence or binding affinity of the toehold may matter, as the
system is at the boundary of where strand displacement rate becomes independent of toehold
length (=~ 6-7nt) [193]. There are other faint bands visible for these samples, corresponding to
S, G and SG, as well as an additional band corresponding to an even larger DNA construct
which most likely consists of S, G and F' bound together (before G is displaced). The band
corresponding to GG is expected as this is displaced by F' from SG. However, the other bands
indicate that the mechanism has not fully completed, even in the annealed sample; this could
be due to small inaccuracies in concentrations of strands or constructs within the samples, or

defects in constructs which prevents the mechanisms from completing.

Some additional samples were run on the gel to check for unwanted binding. A sample of
S + F was prepared by mixing S and F' in the same buffer conditions such that their final
concentrations were equal to 250 uM, and incubating for over one hour at room temperature;
this was compared with a sample that had instead been annealed. For the annealed sample,
the gel indicates formation of SF', with a slight excess of S remaining. On the contrary, for the
non-annealed sample, the majority of the constructs remain unbound; this is expected, as the
mechanism requires G to catalyse the binding of F' to S. However, there appears to be a faint
band corresponding to SF' for the non-annealed sample, which suggests that a small proportion
of S and F are able to bind; this could be due to defects leading to improper formation (or
absence) of the hairpin structure in S, or due to spontaneous unbinding of the hairpin structure

in a small proportion of S constructs.

Finally, a sample consisting of G and F' mixed together in the same buffer conditions (with
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final concentrations of 250 uM) and incubated for over one hour at room temperature was also
run on the gel. As expected, this sample only exhibits bands corresponding to G and F', as

these constructs do not have complementary regions that would enable binding.

4.3.2 Fluorescence experiments to fit the kinetics in bulk

The burnt-bridges process and catalytic behaviour of the GUV construct were further verified
by conducting fluorescence measurements on a plate reader. To conduct these experiments,
S and F' were modified with a fluorophore (Alexa Fluor 488) and quencher (Iowa Black FQ),
respectively, as depicted in Figure 4.1. The fluorescence of samples with [S] = 200nM, [F] =
200 nM, and [G] varied between 0-400 nM (where [X] denotes the concentration of construct X)
were measured over time on a plate reader. The buffer conditions were kept the same, with 4 mM
MgCl,, 15mM KCI and 1xTE. For each sample, S and F' were mixed first to ensure minimal
reactions; G was then added immediately before starting the fluorescence measurements. For
each condition, five repeats were conducted and averaged over; the fluorescence measurements
were background-subtracted, using the average fluorescence recorded from three wells filled with
buffer solution. The fluorescence measurements were normalised by the average fluorescence
recorded from three wells filled with buffer solution and [S] = 200nM, to account for any
variation in fluorescence that isn’t related to the DNA mechanism (e.g. due to photobleaching).
The fluorescence measurements were then re-scaled such that the initial fluorescence is equal
to 1, to allow comparison between data series.

Results from this experiment are shown in Figure 4.6. For all samples with non-zero con-
centration of GG, the fluorescence decreases over time as expected, as G catalyses the binding of
F to S which brings the quencher in proximity with the fluorophore. As the concentration of G
is increased, the rate at which the fluorescence drops towards the plateau also increases, which
again indicates the role of GG in the burnt-bridges mechanism. In particular, the data series
appear to eventually plateau at similar fluorescence values, regardless of the concentration of
G. This verifies the catalytic behaviour of G; once F displaces G from SG, the G construct is
free to bind to another S construct. If G did not behave as a catalyst (i.e. it remained bound
to S), one would expect that the data series would no longer all converge towards the same
final fluorescence value, especially for G < 200 nM.

The experimental fluorescence data were fitted by modelling the DNA mechanism, as de-
tailed in Section 4.2.1. In Figure 4.6, the model has been fitted separately to each data series,
such that a separately list of fitted parameters is generated for each concentration of G. On first
inspection of the fitted curves in Figure 4.6, they appear to agree well with the experimental
data, although comparison of the fitted parameters indicates that the model fitting results of
the rate constants and quenching ratio for [G] = 0-50nM are not consistent with the results of
the data from higher concentrations of GG. This is to be expected; at such low concentrations of
(G, the mechanism proceeds sufficiently slowly that the fluorescence has not started to plateau.
These samples would have to be measured for a longer time period to collect enough data to

accurately fit the model. On the other hand, for the data series that start to plateau within
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Figure 4.6: Fluorescence experiments verify the burnt-bridges mechanism in bulk
solution and the catalytic behaviour of the GUV construct. The fluorescence of samples
with a mixture of 200 nM substrate construct (.5), 200 nM fuel construct (#') and GUV construct
(G) with concentration varied between 0-400nM were measured over time on a plate reader.
There is a fluorophore (Alexa Fluor 488) attached to S, while F' is modified with a quencher
(Iowa Black FQ); therefore, as G catalyses the binding of F' to S (in the mechanism outlined
in Section 4.1), the fluorescence decreases. In the plot, experimental data are shown by the
markers, with smooth curves fitted to the experimental data by modelling the DNA mechanism
and fitting model parameters, as described in Section 4.3.2. In this case, the model parameters
were fitted separately to each data series; the fitted parameters are shown in the table. [G] refers
to the target concentration of G added to the sample, while [S]o, [G]o and [F]y are the fitted
values for the initial concentrations of S, G and F, respectively. ki and ks, are the fitted values
for the rate constants from Equation 4.1; 0 is the fitted quenching ratio from Equation 4.5;
and ot is the fitted time delay between the addition of G to the sample and the start of the
fluorescence measurements. Note that experimental data points in the plot have been delayed
by the fitted values for dt.

the experimental time scale (i.e. [G] = 100-400nM), the fitted values for the rate constants
and quenching ratio appear to be consistent. k; is estimated to be (4-7)x103M~1s™1 ky is
estimated to be (0.7-1.2)x103M~ts™!, and 6 is estimated to be 0.17-0.22. Note that ky < k1,

in agreement with the gel electrophoresis results in Figure 4.5.

The actual values for ki, ko and 6 should be the same for all samples. Therefore, the fitting
process was repeated as before, except that a global fit was performed for the aforementioned
parameters. The data for [G] = 0-50nM were excluded due to there being insufficient data for

an accurate fit, as mentioned before. The fit results are shown in Figure 4.7, with estimated
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Figure 4.7: A global fit of the rate constants and quenching ratio, for the bridge-
burning mechanism in bulk solution. Here, the same experimental fluorescence data as
in Figure 4.6 are plotted, as shown by the markers in the plot. Curves have been fitted to
the experimental data wvia the fitting process outlined in Section 4.2.1, extracting estimates
for the initial concentrations of the substrate, GUV and fuel constructs ([S]o, [G]o and [Fo,
respectively); the rate constants k; and ks; the quenching ratio, ; and the time delay between
addition of G' to the samples and the start of the fluorescence measurements, dt. Here, the
fitting process was similarly to the fitting process for the curves in Figure 4.6, except that a
global fit was conducted for k;, ks and 6 (rather than fitting separately to each data series).
Values for the fitted parameters are displayed in the table.

values for the rate constants of k; = 4.33 x 103 M~'s™! and ky = 9.35 x 10° M~'s~!. The
reactions described by these rate constants both involve toehold-mediated strand displacement,
a process whose rate constant can range between 10'-10° M~! s~ [193], which agrees with the
fitted rate constants. For this toehold length, rate constants on the order of ~ 105-10° M~ s~!
would have been expected based on findings in Ref. [193], but it is not unusual to find smaller
values if one has more complex geometries of DNA constructs, such as the hairpin structures in
this system; furthermore, the experiments in Ref. [193] were conducted at higher concentration

of MgCl, (12.5mM), which could result in an increase in strand displacement rate.

0 is estimated to be 0.221 from the global fit. To consider the magnitude of 6, it is helpful to
think about the distance between the quencher (Iowa Black FQ) and fluorophore (Alexa Fluor
488). When S and F bind to form SF, the Iowa Black FQ modification on F' and the Alexa
Fluor 488 modification on S are separated by a 9 nt ssDNA strand. As the length per nucleotide
of an ssDNA strand is 0.676 nm [321], this corresponds to a contour length of ~ 6 nm between
the fluorophore-quencher pair; the actual end-to-end distance would be significantly less than

this, due to the flexibility of ssDNA. The Forster distances of fluorophore-quencher pairs (i.e.
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Lipid channel (Liss rhod PE) DNA channel (Alexa Fluor 488)

Figure 4.8: Fluorescence quenching allows for visualisation of the bridge-burning
process in the vesicle motility system. Here, epifluorescence microscopy images of vesicles
in the burnt-bridges system detailed in Section 4.4 are shown in the lipid and DNA fluorescence
channels, with scale bars of 300 ym; the images were taken 12 hours after the start of the
experiment. Fluorescence is excited in the Alexa Fluor 488 modification on the substrate
constructs. Bridge-burning within vesicle contact regions appears in the DNA channel as local
reduction of the fluorescence intensity due to the quencher modification on the fuel strand F'.
To aid comparison between the two channels, several of the larger vesicles and corresponding
bridge-burning regions are labelled with arrows.

the distance at which the fluorescence of the fluorophore is quenched by 50%) are typically
around 3-6 nm [322]. Therefore, if the separation between the fluorophore and quencher pair
is comparable to or less than the Forster distance, one would expect the quenching ratio to be

close to (or smaller than) 0.5.

4.4 Verifying the bridge-burning mechanism in the exper-

imental vesicle system

Following the verification of the burnt-bridges DNA mechanism in bulk solution, the mechanism
was incorporated into the vesicle motility system, by functionalising the GUVs and substrate
with G and S constructs, respectively. The DNA-functionalised vesicles were applied to the
substrate and allowed to settle, before the fuel strand F' was added in bulk solution; further
details on the experimental method can be found in Section 2.4.

To verify the bridge-burning process, the S and F' constructs were modified with a fluo-
rophore (Alexa Fluor 488) and quencher (Iowa Black FQ), respectively, as depicted in Figure 4.1.
This enabled visualisation of the bridge-burning process, as the binding of F' to S is accompanied
by a reduction in fluorescence intensity due to increased proximity of the fluorophore-quencher

pair. Figure 4.8 displays microscopy images of vesicles and the corresponding fluorescence sig-
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50 um

Figure 4.9: Visible propagation of a bridge-burning front within the contact region
of a vesicle on a substrate. The epifluorescence micrographs show a bridge-burning pattern
forming over time within a region on the substrate to which a vesicle is adhered. The fuel
strand (modified with a quencher) diffuses under the vesicle, displacing GUV constructs from
existing substrate-GUV bridges and binding in their place, leading to a drop in fluorescence
intensity. The experiment was conducted under the conditions detailed in Section 4.5.

nal from the S constructs, in an experimental system with [F] = 5 uM and 50 mM MgCl; in the
bulk solution. Note that when studying the bridge-burning patterning effect on the substrate,
vesicles located over the uniform, maximum DNA density region of the substrates are studied,
rather than in the gradient region. The DNA fluorescence channel shows a reduction in fluo-
rescence intensity that is localised to the vesicle contact regions; this verifies the binding of F
to SG bridges. Furthermore, some of the “burned” contact regions appear to be significantly
smaller than the vesicles, suggesting that the vesicles do not deform to a hemispherical shape,

as assumed in the numerical model in Chapter 3.

Furthermore, under certain experimental conditions, it is possible to observe propagation
of bridge burning inward from the perimeter of the vesicle contact region; an example is shown
in Figure 4.9. This is due to fuel (F') strands diffusing under the vesicle and displacing GUV
constructs from substrate-GUV (SG) bridges via TMSD. The quencher on F' is brought in
proximity with the fluorophore on S in the structure SF, leading to a local reduction in fluo-
rescence intensity. This results in a dark front propagating inwards through the vesicle contact

region (in the DNA fluorescence channel) as the fuel diffuses and binds to the substrate.

The effect of varying the concentration of MgCl, in the bulk solution on the rate of bridge-
burning was investigated by conducting a series of experiments. In these experiments, the
concentration of the fuel strand F' was kept at 5uM, while the concentration of MgCl, was
varied from 5-50 mM. Epifluorescence micrographs from these experiments are displayed in
Figure 4.10. Here, it can again be seen that dark rings and circles appear due to the bridge-
burning mechanism occurring within the vesicle contact regions. The bridge-burning propagates
inwards from the perimeter of the vesicle contact regions, as the fuel strand diffuses in and
binds to the substrate constructs. From the experimental image data, it appears that as the
concentration of MgCl, increases, the rate at which the dark rings close inwards also increases.
This indicates that an increase in MgClsy concentration corresponds to an increase in rate of the
bridge-burning DNA mechanism. This can be explained by the fact that the higher the divalent
salt concentration, the higher the stability of toehold binding; the toehold binding is required
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to initialise the toehold-mediated strand displacement reactions as part of the bridge-burning
mechanism. However, it is important to note that an increase in divalent salt concentration
would also strengthen the binding between the strands which we wish to separate with the
TMSD mechanism (i.e. the incumbent and substrate strands), which could result in incomplete
displacement of the incumbent strand from the substrate strand. The possibility of increased
MgCl, concentration resulting in incomplete displacement of the incumbent strand in this

experimental system is discussed further in Section 4.5.1.

4.5 Fitting the reaction-diffusion dynamics of experimental

bridge-burning patterning of substrates

The patterning effect of the propagation of bridge burning through the vesicle contact region
is reminiscent of previous research conducted by the group, in which controllable patterning
of 3D DNA condensates was achieved [315]. In both cases, the patterning occurs as a result
of reaction-diffusion dynamics, in which patterning strands diffuse into a region with multiple
binding sites and displace other strands. In Ref. [315], a reaction-diffusion model was fitted to
experimental data to further understand the system and obtain key parameters; here a similar
model is applied, with the key difference being that the patterning occurs across a 2D surface
(i.e. the substrate) as opposed to within a 3D condensate. A derivation of the model applicable
to the burnt-bridges vesicle system is presented in Section 4.2.2.

To fit this reaction-diffusion model, data were analysed from an experimental system where
vesicles were functionalised with G' constructs, while the substrate was functionalised with S
constructs. Note that for the model fitting, vesicles from the uniform, maximum density region
of the substrate were selected. As the methods used to functionalise the vesicles and substrates
are the same as the methods used in Chapter 3, the resulting DNA densities should remain the
same, i.e. the density of G is pg ~ 0.008 nm~2, and the density of S is pg ~ 0.03nm~2. The
vesicles were then applied to the substrate, before adding F' in bulk solution. Further details
on the experimental method can be found in Section 2.4. In this case, the composition of the
solution external to the vesicles was tuned to 1xTE, 50mM MgCl, and 15mM KCI, along
with 5uM of the fuel strand F. These conditions enabled visualisation of the propagation
of bridge-burning fronts, as the high DNA density allowed for sufficient signal-to-noise ratio,
while the high concentration of MgCl; increased reaction rates due to increased stabilisation of
toehold binding. The vesicles were not observed to move significantly under these experimental
conditions, likely due to the high density of bridges; as the SG bridges cannot spontaneously
unbind in this system (unlike the much weaker receptor-ligand bridges in Chapter 3), motion
of the vesicles requires the “burning” of large numbers of SG bridges. Another potential reason
is that at such a high concentration of MgCl,y, G is not fully displaced from SG bridges due to
increased stability of intermediate structures in the mechanism; this possibility is discussed in

more detail later in this section, but is not expected to significantly affect the fit of the model.
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Figure 4.10: Increasing the concentration of magnesium in bulk solution appears to
increase the rate of bridge-burning. Epifluorescence microscopy images taken at 4-hour
intervals are displayed from experimental samples of the burnt-bridges vesicle motility system;
the experiments were run with 5mM, 10mM, 20mM and 50 mM MgCl; in bulk solution, as
detailed in Section 4.4. The scale bar in the bottom-left corresponds to a distance of 200 pm.
Fluorescence is excited in the Alexa Fluor 488 modification on the DNA constructs attached
to the substrate. The GUV constructs are modified with a quencher, causing local fluorescence
quenching within the vesicle contact regions that results in dark rings or circles.
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4.5.1 Fit results from the reaction-diffusion model

Data were analysed from two separate samples under the experimental conditions discussed
above, collating bridge-burning patterns from 83 GUVs. Distributions of the fitted model
parameters are displayed in Figure 4.11. The typical radii of the analysed vesicle contact regions
are noticeably higher than the typical radius of experimental vesicles imaged in Chapter 3.
However, this is primarily due to selection bias; the bridge-burning patterns of larger vesicles
were chosen for analysis as larger patterns are more visible and offer more pixels to average
over when calculating radial intensity, resulting in more accurate intensity maps. Furthermore,
it takes longer for the bridge-burning front to propagate to the centre of the contact region for
larger vesicles, thus offering more time points over which to fit the model to experimental data.

The quenching ratio 6 was fitted to values ranging between 0.28-0.50, with a mean value
of 0.40. This is noticeably higher than the value obtained in Section 4.3.2 when modelling the
kinetics of the burnt-bridges mechanism in bulk solution, where 6 was fitted to 0.221 in the
global fit (see Figure 4.7). A potential reason for this discrepancy could be inaccuracy in the
background subtraction of fluorescence signals in either the experiments in bulk or the vesicle
experiments. An alternative possibility is that the bridge-burning within the vesicle contact
regions was incomplete, such that the fluorescence intensity in the contact region had yet to
reach its final quenched value; however, if this were the case, one would expect to see the
fluorescence in the “burned” regions of the substrate continue to gradually decrease over time,
which was not observed. Further discrepancies in 6 could also be caused by off-plane fluorescence
contributions in the vesicle experiment (such as excess substrate constructs in bulk solution);
crowding effects due to the denser environments in the vesicle system that cause strands to
interact with each other and take different conformations; interactions of the quencher with the
lipids (as quenchers are quite hydrophobic); or differences in the polymer properties of DNA
due to the higher salt concentration, resulting in a different fluorophore-quencher distance.

A further plausible explanation is that at such a high concentration of MgCl,, the interme-
diate structure SGF formed by the binding of F' to SG is sufficiently stable that G remains
partially bound to S; the increased proximity of the quencher on F' to the fluorophore on S
would result in some quenching of the fluorescence signal, but the quencher would not be as
close to the fluorophore if G is still partially bound. The difference in magnesium concentration
compared to the experiments in bulk solution in Section 4.3.2 could explain why G behaves as a
catalyst (i.e. fully unbinds from SG) in the bulk experiments, but potentially remains partially
bound in the experiments in this section. Incomplete displacement of G' from SG would explain
why the vesicles are not observed to move under these experimental conditions. If G’ remains
bound in SG bridges rather than being displaced by F', a small excess of unbound S would
remain. If we approximate the vesicles as hemispheres with total surface area 3w R?, and as-
sume that all G' constructs on the vesicle membrane bind to S constructs on the substrate, this
corresponds to a density of G of 3pg &~ 0.024nm™?2 (as the G constructs become concentrated
within the contact region with area mR?). Remembering that the density of S on the substrate

is pg =~ 0.03nm™2, this corresponds to an excess of ~ 0.006 nm~2 of unbound S within the
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Figure 4.11: Distributions of parameters fitted to experimental bridge-burning pat-
tern data. The plots in this figure show the distributions of parameters fitted to bridge-burning
image data, as described in Section 4.2.2. (a) shows a histogram of the radius R of bridge-
burning patterns. (b) shows box plots of the quenching ratio 6; time delay At between the
start of reactions and start of image acquisition; width ¢ of the Gaussian point spread function
applied to simulated patterns to model finite image resolution; diffusion coefficient Dr of the
fuel strand in the contact region; rate k;, describing the exchange of the fuel strand between
the contact region and the bulk; and rate constant ks (see Equation 4.1). The means of the
distributions are marked by a cross. The parameters were initially all fitted (indicated in blue);
At was then fixed at the mean value from the previous fit, before repeating the fit of all other
parameters (indicated in orange). In the third version of the fitting process (indicated in green),
all parameters were fitted except for o, which was set to the theoretical minimum defined by
the diffraction limit, i.e. 0 = 0.249 um, as calculated from Equation 4.16. In the fourth version
(indicated in red), o was again set to the theoretical minimum, and AT was set to the mean
value of AT from the previous fit; all other parameters were then fitted.
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contact region, i.e. approximately 20% of the total density of substrate constructs. If no G
constructs are available to bind to this excess of S, F' would not be able to bind to these S
constructs, so their fluorescence would remain unchanged. The total fluorescence (normalised
by the maximum signal) in the “burned” region (with 20% of S “unburned”) would then be
Iy =0.2x1+0.8x 6. As the fluorescence was observed to drop to 40% of initial value (based
on the fit result for 6), this implies the true quenching ratio is § = (0.4 — 0.2)/0.8 = 0.25.
This is in much closer agreement with the fitted value of # from the experiments in bulk, thus
supporting the hypothesis that G does not fully unbind from SG when the concentration of
MgCl; is so high. Nevertheless, even if this were the case, this would have negligible effect on
the fitting of the other experimental parameters, as the model is largely insensitive to the rate
constants k; and ks; instead, the propagation rate of the bridge-burning front is limited by Dpg
and k;,. This behaviour would however be undesirable for the vesicle motility system, as the
GUV-substrate bridges would remain permanently bound; the magnesium concentration would
need to be lowered to enable complete bridge dissociation, such as to a similar concentration
as in the bulk experiments in Section 4.3.2 (4 mM MgCl,) where it was verified that the GUV

constructs were being fully displaced from the SG complexes.

The width o of the Gaussian PSF applied to simulated patterns to emulate finite image
resolution was fitted to values on the order of microns, with a mean value of 2.4 ym. This
is an order of magnitude higher than the theoretical minimum set by the diffraction limit
(0 = 0.249 um, as calculated by Equation 4.16). However, it is not a surprise that the fitted
value of ¢ is greater than this theoretical minimum, as one would expect additional blurring of
the experimental radially-averaged intensity profiles due to inaccuracies in locating the centre of
the contact region, and non-circularity of the contact region. Furthermore, the image resolution
(0.64 pm per pixel) and relatively low signal-to-noise ratio at these DNA densities also limit

the resolution of the extracted intensity maps.

The diffusion coefficient D of fuel strands in the contact region was fitted to values on the
order of 10~! um?s~!, with a median of 0.5 um?2s~!. These values are comparable to the diffusion
coefficient of DNA constructs in Ref. [315], where the diffusion coefficients were measured to
be on the order of 1071-10° um?s~!. It makes sense that Dp is on the smaller end of this
scale, as the fuel strand is larger than the constructs in Ref. [315], thus resulting in slower
diffusion. Further discrepancies in the diffusion rates between these systems would arise from
differences in the environment through which the strands are diffusing. In the experimental
system presented in this chapter, the fuel strands are diffusing through a dense DNA brush
within the GUV adhesion patch, while in Ref. [315] the DNA strands are diffusing through a 3-
dimensional DNA condensate. Note that the distribution of D noticeably has a heavy positive
tail, corresponding to a few cases where the bridge-burning front propagated at a significantly
higher rate than usual; this behaviour was also observed by eye, such that the outliers cannot
be explained by fitting errors. The increase in propagation of the bridge-burning front could
potentially correspond to cases in which the density of substrate constructs is lower (which

could be caused by non-uniformity in the coverage) or the density of GUV constructs is higher
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(due to random attachment of G' constructs to vesicle membranes during the functionalisation
process).

The fit results for the rate k;, of fuel strand exchange between the contact region and the
bulk span a wide range of magnitudes, although the majority were fitted to be on the order
of 1073s™1. This is again comparable to the material exchange rates in Ref. [315] which were
found to be on the order of 107%-1073s~!. Although the experimental setup is different between
the vesicle system presented here and the DNA condensate system in Ref. [315], it is plausible
that as the diffusion coefficients are comparable across these systems, the material exchange
rates could also be comparable. Furthermore, the heat map in Figure 4.12a shows that the
fitting outcome for k;, is correlated with the fitting outcome for Dp. This is expected, as both
affect the rate at which the bridge-burning front propagates inwards through the vesicle contact
region.

The fit results for the rate constant ks (which defines the rate at which F' displaces G' from
SG) also span a wide range of magnitudes, from 10>-10" M~1s~!. This is as expected, as the
accuracy of the fitted value of ks is limited by the image resolution; the fit result for ks is
also sensitive to the fit result for o, as both contribute to the blurriness of the propagating
bridge-burning front. Lower values of k5 correspond to increased blurring, which places a lower
limit on the fit results for ks (below which the simulated patterns would become even more
blurred than the experimental patterns); this limit is evident in Figure 4.12d. This means that
the order of magnitude of ky must be at least 102 M~!s~! under these experimental conditions.
This lower limit is comparable with the estimate of ko obtained by fitting the kinetics in bulk
solution in Section 4.3, where ky was estimated as 9.35x102M~!s™!. However, it must be
noted that the magnesium concentration was much lower in the bulk experiments, which would
correspond to a decrease in the toehold displacement rate and thus ky [323, 324, 325]. Further
discrepancies between the value obtained for ks in this section compared with the value obtained
from the bulk fluorescence experiments could arise from the effect of anchoring the constructs,
which constrains their configurations relative to when dissolved in bulk solution. This would
be expected to decrease the reaction rates, an effect which was discussed when introducing the
correction factor o in Chapter 3. Finally, the heat map in Figure 4.12(b) shows that there
is negligible correlation between the fitting outcomes of ky and Dp, as expected; these affect

different aspects of the radial intensity map, as discussed in Section 4.2.2.

Model fit results when setting At to the mean fitted time delay

When including the time delay At (between the start of the reactions and the start of image
acquisition) as a parameter to fit to each individual pattern, the fitted values of At span 10—
190 minutes, with a mean of 91 minutes. As can be seen in Figure 4.12c, the fit result for
the time delay is sensitive to the fitting outcome for Dp, as both affect the position of the
propagating bridge-burning front in the radial intensity map.

As the experimental samples (from which the pattern data were extracted) were set up

and recorded at the same time, the time delay should be approximately equal for all vesicles.
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Figure 4.12: Plots of the mean squared residuals reveal the precision and corre-
lations of the reaction-diffusion model. The plots illustrate the score of the reaction
diffusion model fit, calculated as the mean squared residual (see Equation 4.18), when varying
fitting parameters. The residuals plotted here correspond to the burnt-bridges pattern fitted
in Figure 4.3. In (a), (b) and (c), the heat maps show how the score changes as pairs of fitting
parameters are varied; the colour bar indicates the base-10 logarithm of the score. In (d), the
line plot shows how the score changes as ks is varied. All other fixed parameters are set to their
fitted values.

Therefore, the entire fitting process was repeated as before, but with the time delay fixed at
91 minutes. The fit results remained largely unchanged (see Figure 4.11), except for k;,; this is
expected, as both At and k;,, are fitted to the position of the propagating front in the intensity
maps. The median fitted value for k;,, is now on the order of 10~*s~!, which is still consistent

with the material exchange rates observed in Ref. [315].
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Model fit results when setting ¢ to the theoretical minimum

The fitting process was also repeated with ¢ set to the theoretical minimum defined by the
diffraction limit (i.e. ¢ = 0.249 um, as calculated by Equation 4.16), while fitting all other
variables; results from this fit are also displayed in Figure 4.11. The most noticeable impact is
on ks, for which the majority of fitted values are now on the order of 10> M~!s~!. Although
this is consistent with the value for ky fitted to the experiments in bulk, it is likely that ko is
underestimated when o is set to its theoretical minimum, as ks is then decreased to account
for the blurriness of the image. The distribution of fit results for At has also shifted to lower
values, which is most likely to adjust the position of the propagating front in the intensity map
to reduce the gap between the front and the perimeter of the region; the mean value of At
is 63 minutes. Meanwhile, the distributions of Dp and k;, have shifted to higher values; an
underestimate of At corresponds to an overestimate of D and k;,, as all three parameters are
fitted to the position of the propagating front in the intensity map.

As a final version of the fitting process, o was kept at its theoretical minimum, while At
was set to 63 minutes (the mean from the previous fitting process). The results are shown in
Figure 4.11 and are similar to the results when only fixing o, except for a decrease in the typical

magnitude of k;,.

4.6 Vesicle motility experiments

In this section, I present experimental results from vesicle motility experiments with the burnt-
bridges mechanism, as depicted in Figure 4.1. Vesicles were functionalised with the GUV
constructs (G) and applied to substrates functionalised with the substrate constructs (5); the
fuel constructs (F') were then applied in bulk solution. Further details on the experimental
method can be found in Chapter 2. As the methods used to functionalise the vesicles and
substrates are the same as the methods used in Chapter 3, the resulting DNA densities should
remain the same, i.e. the density of G is pg ~ 0.008nm~2, and the density of S in the

maximum density region of the substrate is pg ~ 0.03nm2.

Vesicles are tracked within the
DNA density gradient region on the substrate, to maintain consistency with the vesicle motility
experiments presented in Chapter 3; as the same method of surface density gradient generation
was employed, the gradient profile remains similar to the example profile depicted in Figure 3.5b.
Across all vesicle motility experiments, the bulk solution contains 30 mM NaCl, 15 mM KCI and
1xTE, while the concentration of F' and MgCls in bulk solution varies between experiments.
The bulk solution also contains glucose, with concentration chosen to maintain iso-osmolarity
with the interior solution of the vesicles.

The vesicles were produced via electroformation, as was done for vesicle experiments in
Chapter 3; this results in samples with polydisperse size distributions. Frequency density
histograms of the vesicles analysed in Sections 4.6.1 and 4.6.2 are displayed in Figure 4.13. As

can be seen, the vesicle size distributions are similar to the distributions observed for vesicles
in Chapter 3 (see Figure 3.3b). The distributions vary slightly little between the different
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Figure 4.13: Distributions of GUV diameter and estimated diffusion coefficient for
vesicles studied in the burnt-bridges motility experiments. The frequency density
histograms display the distributions of GUV diameter and estimated diffusion coefficient of
vesicles analysed in Section 4.6. Note that the diffusion coefficients have been estimated wia
MSD analysis, as outlined in Section 2.6.4. In (a) and (c), data are shown for vesicles in
experiments discussed in Section 4.6.1, where the fuel concentration [F] was varied up to 16 M.
In (b) and (d), data are shown for vesicles in experiments discussed in Section 4.6.2, where the
relative density of reactive S constructs on the substrate is set to either 0.1 or 1.

experimental conditions, but this can be explained due to typical sample-to-sample variation.
Again, the majority of analysed vesicles have diameters of approximately 10 um, although the

measured diameters are observed to reach over 40 pym.

MSD analysis was applied to the vesicle trajectory data to obtain estimates of the diffusion
coefficient of each vesicle, as was done in Chapter 3; the method for conducting the MSD analysis
is outlined in Section 2.6.4. Distributions of the estimated diffusion coefficients for vesicles
analysed in Sections 4.6.1 and 4.6.2 are shown in Figure 4.13. Note that the distributions of
estimated diffusion coefficients look different to the distributions observed for the passive system
(see Figure 3.6). For the passive system, the vast majority of vesicles were estimated to have
diffusion coefficients greater than 10~% ym? s~!, while a small minority of vesicles were estimated
to have diffusion coefficients below this value; this small proportion of vesicles was deemed to
be an immobile population of vesicles, after inspecting the MSD plots, vesicle trajectories and
image data. On the other hand, the distributions in Figure 4.13 indicate that the majority of

diffusion coefficient estimates range between 1072°-1071° ym?s~!, with a small minority resting
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below this range. It must first be noted that the method of estimating the diffusion coefficients
(i.e. applying a linear fit to the MSD plot) may be less applicable to vesicle trajectories
in the active system presented here, as one would expect a greater drift component (either
due to preferential drift along the gradient of S, or due to convection flows) which would
give a quadratic dependence of the MSD on the time delay. The linear fit here is thus only
applied to gauge which vesicles may be immobile in the experimental samples. Inspection of
the MSD plots, vesicle trajectories and image data show that the small proportion of vesicles
corresponding to estimated diffusion coefficients of ~ 1072 um?s™! or lower appear to be
immobile; this value is thus used as the cut-off value for filtering out the immobile vesicle
population in subsequent data analysis. This cut-off value is significantly lower than the value
used to filter the immobile vesicle population in Chapter 3; however, this could be due to the
difference in number of data points in the plot of MSD against time delay, as vesicles were
recorded over longer durations for the work in this chapter. As there are more data points to
fit the diffusion coefficient to, this could affect the error tolerance or precision of the fitting
algorithm, resulting in the diffusion coefficients of immobile vesicles being fitted to smaller
values.

For the rest of this chapter, I discuss my findings regarding the mobility of vesicles in the
burnt-bridges adaptation of the vesicle motility system. I first focus on the general mobility of
vesicles (rather than the drift velocity along the gradient), and presenting the effect of varying
the fuel strand concentration and the density of substrate constructs on the vesicle mobility, in
Sections 4.6.1 and 4.6.2, respectively. Finally, I discuss if the improved mobility of vesicles in
the burnt-bridges system can be translated to a boosted haptotactic drift velocity along surface

density gradients of DNA constructs.

4.6.1 Effect of varying fuel concentration on vesicle mobility

To investigate the effect of varying the concentration of the fuel strand I’ on the vesicle mobility,
experiments with fuel concentration varied from 0-16 uM were conducted, with a bulk MgCl,
concentration of 4 mM. The concentration of MgCly was chosen to match the concentration em-
ployed for experiments in Ref. [241], as well as the experiments in bulk solution in Section 4.3.2,
where it was verified that the GUV construct G is fully displaced from substrate-GUV (SG)
bridges during the bridge-burning process. For each fuel concentration, two repeats of the
experiment were carried out. The vesicles were imaged over 19 hours (at 30 minute intervals)
and tracked via the methods outlined in Chapter 2.

Distributions of the absolute vesicle displacement for each fuel concentration are displayed
in Figure 4.14. When no fuel strand is present (i.e. a fuel concentration of 0 M), the vesicles
appear to be immobile in time lapse recordings; indeed, the data in Figure 4.14 show that the
majority of vesicles are observed to travel less than a micron, which is in the remit of exper-
imental noise and tracking error. For fuel concentrations of 1-8 uM, although the mean and
median absolute displacements remain limited (less than a micron), the distributions notice-

ably have heavy positive tails with displacements surpassing a micron. Furthermore, as the
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Figure 4.14: Increased fuel concentration in the burnt-bridges system results in
increased vesicle mobility. Distributions of absolute vesicle displacement (over 19 hours)
are plotted, for experiments with varied concentration of the fuel strand F'. The mean absolute
displacement is marked with a cross, and outliers are shown. Note that the data have been
filtered to the mobile vesicle population as discussed in Section 4.6; box plots with all data
(including the immobile population) are shown in Figure C.11.

fuel concentration increases, the number of vesicles that travel distances greater than a micron
increases, indicating an increase in vesicle mobility; this is reflected in the gradual increase in
mean absolute displacement. For the highest fuel concentration (16 M), the majority of vesi-
cles are observed to travel distances on the order of microns, a noticeable increase in mobility
compared with the lower fuel concentration systems.

These findings verify that the mobility of vesicles in the active adaptation of the motility
system depend on the bridge-burning mechanism; an increase in fuel concentration would lead
to an increased rate of displacement of the GUV construct G from substrate-GUV (SG) bridges,
and thus an increased rate of bridge-burning. Therefore, the rate of vesicle motion no longer
depends on the rate of spontaneous unbinding of SG bridges, but instead depends on the strand
displacement rates of the bridge-burning mechanism. One would expect this increase in bridge-
burning rate and vesicle mobility to plateau above a certain fuel concentration, corresponding
to saturation of toeholds on SG bridges such that the bridge-burning rate is no longer limited
by the fuel concentration.

It must be noted that the total displacements observed in these experiments (again referring
to Figure 4.14) are on the order of 1071-10° ym, comparable with the displacements observed
in the experimental system presented in Chapter 3. Although these displacements may sound
limited, one must remember that the experimental DNA densities correspond to a bridge spacing
on the order of 10nm (as discussed in Section 3.4.1). Displacements of these magnitudes thus

require the “burning” of a large number of bridges to allow the vesicle to move micron-scale
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distances. Later sections in this chapter will discuss other experimental parameters that can

be tuned to further increase vesicle mobility.

4.6.2 Effect of varying substrate DNA density on vesicle mobility

Similar to in Chapter 3, the effect of varying the surface density of substrate constructs was
explored. To reduce the density, the reactive substrate constructs were mixed with inert versions
of the constructs that lacked the reactive moiety, before being applied to the substrate. As an
example, to reduce the density of substrate construct by a factor of 10, the substrate constructs
were mixed with the inert constructs in a 1:9 ratio; the combined density of DNA constructs
in the maximum density region of the substrate thus remains at pg ~ 0.03nm~2, while the
density of reactive substrate constructs (to which the GUV constructs can bind) is reduced to
ps/10 ~ 0.003nm 2.

Vesicle motility experiments were conducted with the density of reactive substrate con-
structs varied over several orders of magnitude: pg, ps/10, ps/100, ps/1000 and ps/10,000.
For these experiments, the concentration of MgCl, in bulk solution was set to 10 mM, while
the concentration of fuel strand was set to 5 uM; each experiment was repeated twice. Data
corresponding to reactive substrate construct densities of pg/10 and ps (each recorded over two
repeats of the experiment) are shown in Figure 4.15, for vesicles recorded over 19 hours. The
plots show that vesicles travel significantly longer distances when the density is reduced by a
factor of 10, with absolute displacements on the order of microns. This indicates that as the
density of reactive substrate constructs is decreased, the vesicle mobility increases. A decrease
in density of substrate constructs corresponds to less bridges to “burn”, such that the binding
affinity of the substrate drops more quickly over time as fuel strands bind to the substrate
constructs. Furthermore, considering the theoretical model presented in Chapter 3, an increase
in spacing between substrate constructs corresponds to a greater shift of the vesicle position
between successive updates of the set of constraining bridges.

It is promising that the burnt-bridges system appears to achieve significantly greater vesicle
mobilities than the passive system presented in Chapter 3, where there was a sharper cut-off
between immobility at higher S densities and lack of adhesion at low S densities. Here, we
observe that simply decreasing the density of S by a factor of 10 appears to increase vesicle
velocities by an order of magnitude, and the vesicles appear to remain attached to the substrate
during their motion. It is likely that the stronger binding between S and G constructs (due
to the longer complementary DNA sequences) is more robust to breakage due to shear forces
from convection flows, which helps to keep the vesicles adhered at lower bridge densities.

However, when considering the trajectories of vesicles in systems where the density of sub-
strate construct S has been reduced by a factor of 10 (see Figure 4.15), there is a noticeable
bias in the average vesicle displacement in the direction of decreasing x. This is most likely
due to the effects of small convection flows in the sample (similar to the convection flow-driven
motion of vesicles in the sticky end length [ = 3—4nt systems in Chapter 3), which typically

causes a uni-directional drift of vesicles across the well. One would however hope that this
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Figure 4.15: Increased density of substrate DNA results in decreased vesicle mobil-
ity. In (a), the distributions of absolute vesicle displacement over 19 hours are plotted, for
experiments with varied surface density of substrate construct S; these experiments are dis-
cussed in Section 4.6.2. The mean absolute displacement is marked with a cross, and outliers
are shown. In (b), the trajectories and distributions of average vesicle velocity corresponding to
the data in (a) are plotted, where the data have been filtered to the mobile vesicle population.
Here, the trajectories and distributions are plotted in the x- and y-directions; the trajectories
are plotted in distance units of microns. The histograms show the number of vesicles in each
velocity bin. The average velocity has been calculated by dividing the total displacement by
the total duration of the trajectory. Note that the data have been filtered to the mobile vesicle
population, as described in Section 4.6; plots with all data (including the immobile population)
are shown in Figure C.12.

unidirectional drift would be averaged out when considering motion relative to the gradient
direction (which changes direction around the perimeter of the circular region of the substrate

coated with S); we see if this is the case in Section 4.6.3.

When the density of reactive substrate constructs is reduced by a factor of 100 or more,
the adhesive force is no longer sufficient to keep all of the vesicles attached to the substrate
under these experimental conditions. Instead, vesicles are observed to travel over the width of
the well, most likely carried by small convection flows in the sample. Smaller vesicles appear
to be more readily detached from the substrate by convection flows. For example, when the
density of reactive substrate constructs is reduced by a factor of 100, convection-driven motion
is only observed in vesicles with diameters on the order of a few microns. When the density
is reduced by a factor of 1000, convection-driven motion is also seen in vesicles with diameters
up to approximately 10 um. When the density is reduced by a factor of 10,000, only the
largest vesicles (with diameters greater than 20 ym) appear to remain attached to the substrate

throughout the time lapse recordings. The observation that larger vesicles are more resistant
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to being detached from the substrate by shear flow can be explained by the fact that larger
vesicles are attached to the substrate by a larger number of SG bridges, as the number of
bridges ny, scales as R?, where R is the radius of the vesicle. The overall multivalent adhesion
strength is thus stronger, which enables the vesicle to withstand shear forces from convection
flows. This makes sense if the shear force on the vesicle from the convection flow scales with
the vesicle radius at a slower rate than R?. Considering the hydrodynamic force of a shear flow
on a spherical particle, one can assume the system is described by a low Reynolds number if
the convection flow rate is sufficiently slow. The shear force is then given by Stokes’ law [326]:
F; = 6mrpuRy, where Fy is the Stokes’ drag force, p is the dynamic viscosity of the fluid, R is
the radius of the particle, and v is the velocity of the flow relative to the particle. The drag
force thus increases with vesicle radius at a slower rate than the multivalent adhesion strength,
which enables larger vesicles to remain attached to the substrate at lower bridge densities while
smaller vesicles are carried away by flows.

Finally, an alternative approach to increasing the vesicle mobility would be to increase the
density of G' constructs on the vesicle membranes. As observed in Section 4.3.2, as the con-
centration of G increases towards the concentration of S, the rate of bridge-burning increases.
However, once G is in excess of S, there is no significant impact on the bridge-burning rate of
further increasing the concentration of GG. Considering the vesicle motility systems investigated
in this section, the density of G constructs is already comparable to the density of S on the
substrate, such that binding sites on the substrate are near saturation. Therefore, one would
not expect a significant improvement in vesicle mobility upon increase in density of GG, as the

bridge-burning rate is already at the boundary where it is no longer limited by the density of

G.

4.6.3 Vesicle motion relative to the gradient direction

So far, the effect of fuel concentration and density of S constructs on the general mobility of
vesicles has been explored, regardless of the direction of travel. In this section, we consider
the direction of the motion relative to the gradient, to see if the vesicles still exhibit the bias
in motion towards regions on the substrate with higher DNA density that was observed in
the passive system in Chapter 3. Vesicle mobility was observed to be at its maximum (while
allowing vesicles to remain adhered) in the system presented in Section 4.6.2, in which the
surface density of S constructs was reduced by a factor of 10. From here on, we consider this
most mobile vesicle system in the context of motion relative to the gradient.

In Figure 4.16, the trajectories and distributions of average velocities of vesicles relative to
the gradient direction are plotted. Unlike observations made in the less mobile, passive motility
system presented in Chapter 3, there is a lack of preferential drift along the gradient towards
higher DNA densities on the substrate. A likely reason for this is due to the balance between
the signal (i.e. the directional drift of vesicles along the DNA surface density gradient) and the
noise (i.e. stochastic motion and effects of flow). It was noted in Section 4.6.2 that the effects

of convection flows on the vesicle motion become more prevalent in the more mobile system; it
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Figure 4.16: Convection effects appear to overcome directional drift along the gradi-
ent in the more mobile burnt-bridges vesicle motility system. In (a), the trajectories
of vesicles from experiments where the density of S constructs was reduced by a factor of 10
are plotted, with distance units of microns in the directions parallel and perpendicular to the
gradient; the vesicles were tracked over 19.5 hours. The experimental conditions are detailed in
Section 4.6.2. In (b), the distributions of average vesicle velocities parallel and perpendicular
to the gradient are plotted; the histograms show the number of GUVs per velocity bin. The
average velocity has been calculated as total displacement over the trajectory, divided by the
trajectory duration. The mean of the distributions are marked and annotated in red. Note
that the data have been filtered to the mobile vesicle population, and the axes in (b) have been
cropped to exclude outliers and aid visualisation of the mean of the distributions; full data are
shown in Figure C.13.

is likely that these effects overwhelm the effects of drift due to the gradient in binding affinity,
which is why a directional drift along the gradient is not observed. However, in the passive
(and less mobile) system presented in Chapter 3, the lack of an active mechanism to induce
vesicle motion allows the vesicles to resist the effects of convection flows and gradually diffuse
over the substrate.

Further evidence that the effect of convection flows is more significant is that the motion
perpendicular to the gradient no longer averages to zero, as can be seen in Figure 4.16b. For
systems that are less affected by convection flows (such as the passive experimental system
with higher bridge densities, considered in Chapter 3), averaging the vesicle velocities relative
to the gradient over vesicles located around the circular gradient region is sufficient to remove
the effects of unidirectional flow across the well. However, it appears that the effect of the flow
on the vesicles in this system is large enough that it is no longer cancelled out.

Overall, although the active, burnt-bridges adaptation of the vesicle motility system pre-
sented in this chapter does improve the mobility of adherent vesicles, this unfortunately does
not translate to an increased rate of haptotactic drift, due to the impact of unavoidable flows in
the samples. Nevertheless, the results from these experiments show great potential for future
adaptations of this system in which flows are further minimised; for example, by conducting

the experiments in sealed microfluidic chambers.
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4.7 Chapter summary and outlook

In summary, the passive vesicle motility system from Chapter 3 was updated to incorporate
a burnt-bridges mechanism. This update was implemented with the aim of improving vesicle
mobility, as a limitation noted in Chapter 3 was that the vesicles appeared to be fixed in
place when the adhesion strength was sufficient to keep the vesicles attached to the substrate.
As in Chapter 3, the system consists of GUVs functionalised with DNA constructs (referred
to as GG) adhered to a substrate coated with complementary DNA constructs (referred to as
S) through the binding of numerous SG bridges. Here, a third DNA component (the fuel
strand, F') is added in the bulk solution. This fuel strand binds to SG bridges, displacing G
via toehold-mediated strand displacement, and preventing GG from rebinding to the “burned” S

construct.

This burnt-bridges mechanism was adapted from designs for the bipedal DNA walker pre-
sented in Ref. [241], for application to the multivalent vesicle motility system. To check the
adapted constructs, experiments were initially conducted in bulk solution, verifying that G
behaves as a catalyst for the binding of S and F', and that F' displaces G from SG bridges, as
expected. The kinetics of the DNA reactions in bulk solution were fitted to the experimental
data, to obtain estimates of key experimental parameters. The rate constant k; for the binding
of S and G was fitted to 4.33 x 103 M~!s~!, while the rate constant k, for the binding of F' to
SG (and simultaneous displacement of () was fitted to 9.35 x 10° M~ s~!. Both of these reac-
tions involve toehold-mediated strand displacement, a process whose rate constant can range
between 10110 M~1s~! [193], which agrees with the fit results. Finally, the quenching ratio 6
for the quenching of the fluorophore attached to S upon binding of the quencher-modified F
strand was fitted to 0.221.

After verifying the mechanism in bulk solution, I then progressed to implementing the
burnt-bridges adaptation of the vesicle motility system. A substrate patterning effect was
observed in systems with high DNA density and high magnesium concentration, in which the
bridge-burning can be seen to propagate inwards from the perimeter of the vesicle contact
region as the fuel strands diffuse under the vesicle and bind to S. A reaction-diffusion model
was designed and fitted to the experimental bridge-burning patterns, similar to the model
employed in Ref. [315] in which a 3D reaction-diffusion system was implemented. In particular,
the diffusion coefficient Dp of the fuel strand in the contact region was fitted with a median
value of 0.5 um?s™!, while the fuel strand exchange rate k;, between the contact region and the
bulk was fitted to be on the order of 107*-1073s7!; these values are comparable with results
from Ref. [315]. Furthermore, although the fit result for k; could only offer a lower bound
of 102 M~!s™! on the actual value due to the limited image resolution, this is still consistent
with the fit result from the experiments in bulk. Finally, the quenching ratio 6 was fitted to
a mean value of 0.40, which is significantly higher than the value obtained from the fitting
of experiments in bulk. This, along with the immobility of vesicles under these experimental

conditions, suggests that at such high magnesium concentrations, the SGF complex (consisting
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of S, G and F bound together) is sufficiently stable such that G is not fully displaced from the
SG bridge. This is an important insight for the following vesicle motility experiments, as the
mobility of vesicles depends on the full displacement of G' from SG bridges; I thus focused on
systems with lower magnesium concentrations for the subsequent vesicle motility experiments.

When studying the motion of vesicles in the burnt-bridges system, it was observed that
when increasing the concentration of fuel in bulk solution, this resulted in greater vesicle mo-
bility. This is as expected; an increase in fuel supply would result in an increased rate of
bridge-burning, which allows GUV-substrate bridges to unbind such that the vesicle can move.
Furthermore, it was observed that increasing the surface density of DNA constructs on the
substrate resulted in increased vesicle mobility. This effect was also observed in the passive
system in Chapter 3, although in the burnt-bridges system, the stronger binding between GUV
constructs and substrate constructs enables the vesicles to remain adhered at lower bridge den-
sities and resist detachment due to shear forces from small convection flows in the sample.
Finally, motion relative to the gradient direction is investigated; here, there no longer appears
to be a directional drift of vesicles along the gradient. However, it is likely that due to the in-
creased mobility of the system, the effects of convection flows play a bigger role, and overwhelm
any subtle directional drift that may be present. In future implementations of vesicle motility
systems, it would thus be important to address the effects of convection flows in the sample,
perhaps by conducting the experiments in a microfluidic system with smaller sample volumes.

Overall, the results from the burnt-bridges system give an insight into the vast potential
of an active motility system to improve on the limited mobility of passive systems, as well as
allowing further control over the extent of vesicle mobility. Although the burnt-bridges mecha-
nism perhaps strays further from the biological context of motility and haptotaxis of adherent
cells (compared with the passive system), the experimental findings could again provide help-
ful insights for the design of future biomimetic systems for application in synthetic biology,
biosensing, therapeutics, and more. Ideas for future investigations and adaptations of active

biomimetic motility systems are discussed in Section 5.2.
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Chapter 5
Conclusions and future research directions

In this chapter, I summarise the contents and key findings of this thesis, before discussing
some potential avenues for future research on the topic of artificial cell motility in multivalent

adhesion systems.

5.1 Summary

In this thesis, I present two systems in which vesicles are adhered to substrates via DNA-
mediated multivalent binding interactions; dissociation of the DNA bridges between the vesicle
and the substrate enables the vesicle to gradually move over the substrate. I investigate this
motion and the key parameters that effect the mobility of the vesicles, in particular over

substrates featuring a surface density gradient of DNA.

In Chapter 3, a passive vesicle motility system is presented, in which the adhesion is
mediated by the binding of simple DNA sticky ends. These sticky ends are sufficiently short
such that the binding is weak and reversible, and the GUV-substrate bridges repeatedly
bind and unbind, enabling the vesicle to diffuse over the substrate. Experimental results are
compared with coarse-grained simulations, both demonstrating that the vesicles diffuse with a
directional bias towards regions of the substrate with higher DNA density. This drift velocity
is also observed to increase with decreasing DNA binding strength, and with increased GUV
size. A theoretical framework for the system is also presented, with an analytic prediction
for the drift velocity; although this prediction does not appear to apply to systems with as
high bridge density as in experiments, the experimental and simulation data still appear to be
consistent with the theoretically predicted scaling relation between the drift velocity and the

unbinding rate of complementary sticky ends.

In Chapter 4, an active vesicle motility system is presented, with the aim of improving on
the limited vesicle mobility of the passive system. Here, “active” refers to the incorporation of a
burnt-bridges DNA mechanism, where the vesicles catalyse bridge-burning within their contact

regions on the substrate such that the vesicle cannot re-attach to the same binding sites. This
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mechanism is first verified in bulk solution, and the DNA reaction kinetics are modelled to
obtain estimates of the reaction rate constants. The focus then moves to the implementation
of the burnt-bridges mechanism in the vesicle motility system. Here, it is possible to visualise
the “burning” of vesicle contact regions, as well as the propagation of the bridge-burning front.
A reaction-diffusion model is fitted to the experimental data, obtaining further estimates of
key experimental parameters that agree with the results from the experiments in bulk and are
also consistent with findings in literature. Finally, the effect of varying the fuel concentration
and density of DNA on the substrate on the vesicle mobility is explored; it was observed that
vesicle mobility increases with increasing fuel concentration and with decreasing substrate
DNA density, as expected. The latter was observed to increase vesicle displacements by an
order of magnitude, compared with the passive system presented in Chapter 3. This more
mobile system was then investigated in terms of motion relative to the gradient; in this case,
directional drift along the gradient was no longer observed, although it is likely that adverse

effects from convection flows become more prevalent in higher mobility systems.

Overall, the findings from this thesis provide insights into the biophysics of multivalent ad-
hesion and mobility of adherent cells. Results from the passive system uncovered a directional
drift of vesicles towards regions of higher DNA density on the substrate, which constitutes a
simple form of haptotaxis. Although the observed drift velocities in the passive system are neg-
ligible compared with the haptotaxis rates of living cells, the passive mechanism could perhaps
be related to the re-orientation of living cells in the presence of gradients of binding sites. Fur-
thermore, the findings from the burnt-bridges adaptation of the vesicle motility system give a
taster of the vast potential of active vesicle motility systems; ideas for further investigations and
adaptations of active motility systems are discussed in Section 5.2. Altogether, this research
provides key design rules that could help with the future development of motile biomimetic
systems, with the potential for application in synthetic biology, biosensing, therapeutics and

much more.

5.2 Directions for future research

5.2.1 Further exploration of the vesicle motility systems

Adapting the experimental set-up to improve on current limitations

A key limitation of the vesicle motility systems presented in this thesis is the presence of convec-
tion flows in samples. These mean that only systems with high multivalent adhesion strength
can be experimentally implemented, such that the vesicles are not carried away by spurious
flows and prevented from remaining attached to the substrate. Unfortunately, in the current
experimental set-up, it is impossible to completely eliminate convection flows, even with mea-
sures to reduce flows such as covering the well plates in adhesive foil to reduce evaporation of

the samples. It would be highly beneficial to adapt the set-up in a way that further reduces
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(or completely removes) unwanted flows. Flows could be minimised by conducting the experi-
ments in sealed microfluidic devices with smaller sample volumes. This would allow for much
more precise measurements of vesicle drift velocity and diffusion coefficients via mean squared
displacement analysis. In addition, the ability to implement systems with lower multivalent
adhesion strength should help to achieve increased vesicle mobility.

It would also be useful to set up the surface density gradient of DNA molecules in a way
that allows for tuning of the gradient profile. This would enable investigation of the effect
of gradient steepness on the vesicle drift velocity, to verify the trends observed in simulations
in Chapter 3. Alternative methods to generate tuneable density gradients are discussed in
Section 3.2.3; these include microfluidic methods in which gradients are generated either via
diffusion, or by gradually flowing the adhesive molecules over the substrate. Furthermore, a
technique such as optical tweezers could be used to place vesicles at precise positions along the
gradients. This would improve comparison of trajectories of different vesicles compared to the
current system, in which experimental vesicles are located at random points along the gradient

profile.

Further experimental parameters to explore

It would be interesting to experiment with the system from Chapter 3 in the weakly binding
regime, such as with shorter sticky ends or lower DNA densities. Experiments with lower DNA
densities could enable quantitative comparisons with theory and simulations, which was not
possible in the high-density systems experimented with in this PhD (as the theory presented in
Section 3.3.3 did not appear to be applicable to systems with high bridge density, and simulation
length scales had to be reduced to keep simulations affordable). In the weakly binding regime,
predictions from theory (and extrapolation from trends in experimental and simulation results
between binding strength and drift velocity) would indicate that the vesicles would diffuse at a
greater rate, resulting in a greater drift velocity along the gradient. In addition, as mentioned
before, it would be useful to vary the gradient profiles in experiments for comparison with the
results from theory and simulations; an increase in gradient profile would also be expected to
increase the vesicle drift velocity.

The effect of further experimental parameters on the vesicle motion could be investigated,
such as the temperature and buffer conditions. Regarding the experimental system from Chap-
ter 3, an increase in temperature would be expected to increase the unbinding rate of receptor-
ligand bridges, thus increasing vesicle mobility in accordance with the observed trend between
unbinding rate and vesicle drift velocity in Chapter 3. Regarding the buffer conditions, param-
eters such as the salt concentration, pH and viscosity could be explored. A decrease in salt
concentration would correspond to decreased screening of the electrostatic repulsion between
charged DNA molecules and thus decreased stability of receptor-ligand bridges; this could again
help to increase vesicle mobility due to increased unbinding rate of bridges. Changing the pH
could also affect the stability of receptor-ligand bridges, again impacting the mobility of vesi-

cles. Increasing the viscosity of the external medium would increase the drag on the vesicle,
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and thus also be expected to decrease the drift velocity.

It would also be interesting to explore further parameters relating to the vesicles themselves.
For example, varying the lipid composition of the vesicle membranes could affect the flexibility
of the membranes. Remembering that the vesicles deform when adhered to a substrate to form
a flat adhesion patch, it would make sense that increased flexibility of the membrane would
correspond to increased deformation (and a larger adhesion patch). Furthermore, vesicles could
be made to be more deformable by introducing osmotic mismatches between the interior and
exterior solutions of the vesicles. An increase in size of the adhesion patch could have a similar
effect to increasing the size of vesicles (as discussed in Chapter 3), thus helping to increase
vesicle drift velocity.

Finally, the burnt-bridges system presented in Chapter 4 could be extended by including
a functionality to halt the burnt-bridges process and subsequently arrest vesicle motion. For
example, an additional “stop” strand could be added in bulk solution that is fully complementary
to the fuel strand; this could bind to excess fuel strands, such that there are no fuel strands
left to displace the GUV strands from the substrate.

5.2.2 An enzymatic approach to the burnt-bridges system

An alternative approach to the burnt-bridges system presented in Chapter 4 would be to replace
the toehold strand displacement mechanisms with enzymatic activity. For example, after a
GUV-substrate bridge forms (due to the binding of complementary constructs anchored to the
respective surfaces), enzymes in bulk solution recognise the bridge sequence, and subsequently
nick or cleave it. The truncated substrate constructs would no longer be able to bind to GUV
constructs, corresponding to “burning” of the region of the substrate that the GUV had initially
adhered to.

This could be achieved with the use of nicking enzymes. These are enzymes that cut one
strand of a dsDNA construct at a specific location corresponding to a nucleotide sequence,
referred to as the restriction site [327, 328]. Furthermore, nicking enzymes are endonucleases,
which are enzymes that hydrolyse the phosphodiester bond within a polynucleotide chain. The
benefit of only nicking one strand of the GUV-substrate bridge (rather than cleaving both
strands) would be that strand modification could be restricted to just the substrate constructs,
leaving the GUV constructs to be able to re-bind to unmodified substrate constructs.

An example of a nicking enzyme that could potentially be used is Nt.CviPII. This enzyme
recognises CCD sequences (denoted in the 5-3” direction) in dsDNA, where D can be any
nucleobase of A, G or T; the enzyme then cuts the phosphodiester bond at the 5 end of this
sequence, i.e. before the 5’ cytosine [329]. A schematic of a potential vesicle motility system
using Nt.CviPII to achieve a burnt-bridges effect is shown in Figure 5.1. Here, the substrate
and GUV constructs feature complementary sticky ends that can bind together. The substrate
sticky end features two repeats of the CCD sequence, corresponding to two enzyme nicking
sites; therefore, after the sticky ends bind, the Nt.CviPII enzymes should theoretically nick

the substrate sticky end at two locations. This removes the sticky end from the substrate
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Figure 5.1: Schematic of a vesicle motility system where enzymes are used to im-
plement a burnt-bridges mechanism. (a) shows a schematic of the experimental system,
where the GUV and substrate are functionalised with DNA constructs featuring complemen-
tary sticky ends that can bind together. Nt.CviPII enzymes in bulk solution recognise CCD
5’-3" nucleobase sequences in the bound substrate constructs, nicking the constructs such that
the sticky ends of the substrate constructs are truncated. (b) shows an example of potential
sequences for the sticky ends, featuring CCD sequences in the substrate construct sticky end
(where D can be any nucleobase of A, G or T) and HGG sequences in the GUV construct
sticky end (where H can be any nucleobase of A, C or T'). The sticky ends also feature optional
sequences of variable length (i.e. complementary sequences N1, and N1, that are x nucleotides
long, and complementary sequences N2, and N2, that are y nucleotides long); these can consist
of any nucleotide sequence as long as they don’t contain the sequence CCD, which would result
in unwanted enzyme activity. The enzyme nicking sites are illustrated.

construct such that it cannot re-bind to the GUV constructs. Two fragments of the substrate
sticky end are left bound to the GUV construct, until they either spontaneously dissociate (if
sufficiently short) or are displaced by an unmodified substrate sticky end via toehold-mediated
strand displacement. The optional sequences N1,, N1,, N2, and N2, have variable length and
nucleobase sequence, and can be changed to tune the binding strength of the complementary

sticky ends.

It must be noted that an attempt was made during this PhD at designing and implementing
the experimental system in Figure 5.1. Preliminary experiments in bulk solution (comparing
samples of substrate and GUV constructs mixed together, with and without the nicking en-
zyme Nt.CviPII) unfortunately did not exhibit any enzyme activity, despite attempts made
to conduct experiments under conditions as close to the optimal conditions of the enzyme as
possible. Specifically, the experiment was run at room temperature in 20 ul samples with buffer
conditions of 10 mM Tris-HCI, 50 mM NaCl, 10 mM MgCl,, 0.1 mgml~! bovine serum albumin
(BSA) and 2.93% glycerol; DNA concentrations of 1M substrate construct and 1M GUV
construct (corresponding to a total DNA mass of approximately 0.468 ug); and 0.468 units of
Nt.CviPII (New England Biolabs, UK) where applicable. By definition, one unit of Nt.CviPII
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corresponds to the amount of enzyme that will completely digest 1 pug of substrate DNA in
a 50 ul sample in 60 minutes [330]. A lack of enzyme activity could be due to many reasons,
such as sub-optimal buffer conditions and temperature; contaminants in the samples (such as
traces of EDTA, although the DNA samples were prepared in Tris buffer rather than TE); over-
exposure of the enzymes to temperatures above -20°C resulting in denaturation. Due to time
constraints, the attempt at implementing this system was discontinued. However, for those
who may want to consider working on this system, a helpful guide for optimising restriction
endonuclease reactions can be found at Ref. [330].

An alternative to using nicking enzymes would be to use ribonuclease H (abbreviated as
RNase H). Rather than recognising specific sequences in dsDNA, RNase H instead catalyses the
cleavage of RNA in an DNA /RNA duplex. RNase H has been used to engineer motility in vesicle
systems; for example, in Ref. [246], vesicles were functionalised with DNA strands that bound
to complementary strands attached to a substrate. RNase H enzymes in bulk solution then
cleave the RNA in DNA /RNA duplexes, such that the DNA unbinds; this enables the vesicles to
diffuse over the substrate rather than being fixed in one place. This system could be re-purposed
to include surface density gradients in the RNA coverage on the substrate. Furthermore,
the non-sequence-specific nature of RNase H means that the burnt-bridges mechanism should
theoretically not be so sensitive to errors (such as truncation errors) in the construct sequences.

Overall, it would be interesting to implement an enzyme-driven burnt-bridges approach to
the vesicle motility system, as this could potentially boost vesicle motility and achieve higher
drift velocities along surface density gradients of DNA or RNA compared with systems that

rely on spontaneous dissociation of DNA duplexes or strand displacement reactions.

5.2.3 Extending the theoretical framework and numerical model

It would be helpful to gain a better understanding of the discrepancy between the theoretical
predictions and the results of experiments and simulations in Chapter 3. The current belief
is that for high bridge density (and thus larger drift forces), the system may deviate from the
linear response regime under which the fluctuation-dissipation theorem applies. It would be
interesting to extend or adapt the theory in light of this revelation, such that it is possible to
make quantitative comparisons with simulations and experiments.

Furthermore, it would be useful to run simulations of systems on the same length scales as
experiments; simulated vesicles were an order of magnitude smaller than experimental vesicles
in Chapter 3, which limited quantitative comparisons between experimental and simulated drift
velocities. Simulations on the same length scales as experiments were found to be unfeasible in
terms of computation time, but perhaps there could be ways to further optimise simulations or
run the simulations on high performance computing clusters with increased processor speeds.

Alternatively, simulations could be developed to take finer-grained details into account, such
as the lateral diffusion of individual DNA constructs over the vesicle membrane, to verify the
assumption that the DNA constructs diffuse at a sufficiently rate that they uniformly sample
all available binding sites within the time it takes for them to re-bind. The impact of the
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flexibility and curvature of the vesicle membrane on the resulting motion could also be modelled,
to compare with experiments in which the membrane flexibility and vesicle deformability are
varied (as mentioned in the previous section).

Finally, the numerical model and theory presented in Chapter 3 could be extended to
describe the burnt-bridges adaptation of the vesicle motility system presented in Chapter 4.
The simulation results and theory could then be compared with experimental findings, and
also help to direct the design of future implementations of the burnt-bridges system to optimise

vesicle mobility and drift velocity.
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Appendix A

Nanostructures and their sequences

Throughout this section, construct structures and strand sequences are given in the 5’-3’ direc-

tion. Domain structures in strand sequences are indicated with spaces in the strand sequences.

A.1 Nanostructures for Chapter 3

Table A.1: Receptor and ligand constructs for Chapter 3, and the oligonucleotides
they are composed of. The constructs are self-assembled through the annealing process
outlined in the Methods to a final construct concentration of 2 uM. Constructs require strands
in 1:1 stoichiometric ratios.

Construct Strands
Ligand Sl + 55 + 56
Receptor Sy + S3+ .54
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Table A.2: Sequences and modifications of oligonucleotide strands for Chapter 3.
Strands S; and Sy have optional terminal Alexa Fluor 488 (NHS ester) modifications. Strands
Sg, S3 and S4 have terminal modifications of biotin, cholesterol-TEG and cholesteryl-TEG
respectively. Sequences for inert versions of strands B, and By that lack the reactive moiety
(i.e. the sticky end) are also included.

Strand

Sticky end
length / nt

Sequence (5’ to 3°)

S

all

CGCGACTTCCTCGCCGCG CGCGAGTTCGAGCTACGC (—
AF488)

S2

(inert)

GAGAGTAGGACCGGCGCG

CGC TT GAGAGTAGGACCGGCGCG

CCGC TT GAGAGTAGGACCGGCGCG

GCCGC TT GAGAGTAGGACCGGCGCG

GCACGC TT GAGAGTAGGACCGGCGCG

CGGTGCG TT GAGAGTAGGACCGGCGCG (—AF488)
GCGTCCAC TT GAGAGTAGGACCGGCGCG
GCTGCGACC TT GAGAGTAGGACCGGCGCG
GGCACGGACG TT GAGAGTAGGACCGGCGCG

S3

CGTTTGCAGGAACGAGAC TT — Cholesterol-TEG

Sy

Cholesteryl-TEG — TT GTCTCGTTCCTGCAAACG CGCGC-
CGGTCCTACTCTC

GCGTAGCTCGAACTCGCG

GCG TT GCGTAGCTCGAACTCGCG

GCGG TT GCGTAGCTCGAACTCGCG

GCGGC TT GCGTAGCTCGAACTCGCG
GCGTGC TT GCGTAGCTCGAACTCGCG
CGCACCG TT GCGTAGCTCGAACTCGCG
GTGGACGC TT GCGTAGCTCGAACTCGCG
GGTCGCAGC TT GCGTAGCTCGAACTCGCG
CGTCCGTGCC TT GCGTAGCTCGAACTCGCG

Se

CGCGGCGAGGAAGTCGCG — Biotin
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A.2 Nanostructures for Chapter 4

Table A.3: Receptor and ligand constructs for Chapter 4, and the oligonucleotides
they are composed of. The constructs are self-assembled through the annealing process
outlined in the Methods to a final construct concentration of 2 uM. Constructs require strands
in 1:1 stoichiometric ratios. Note that strands S;, 53, Sy and Sg are the same strand sequences
used for nanostructures in Chapter 3; strands By, Bs and B; are new strand sequences specific
to the burnt-bridges system in Chapter 4.

Construct Strands
Substrate S1 + Bs + Sg
GUV By + S35+ Sy
Fuel B,

Table A.4: Sequences and modifications of oligonucleotide strands for Chapter 4.
Strands Sy, S3, Si, S¢ and S7 have terminal modification of Alexa Fluor 488 (NHS ester),
cholesterol-TEG, cholesteryl-TEG, biotin and Iowa Black FQ respectively. Sequences for inert
versions of strands By and By that lack the reactive moiety are also included.

Strand Sequence (5’ to 3’)

S, CGCGACTTCCTCGCCGCG CGCGAGTTCGAGCTACGC (—AF488)

B, TTCATCA CTAACTCGCACTACTTACAG AT GAGAGTAGGACCG-
GCGCG

B, (inert) | GAGAGTAGGACCGGCGCG

Ss CGTTTGCAGGAACGAGAC TT — Cholesterol- TEG

S Cholesteryl TEG — TT GTCTCGTTCCTGCAAACG CGCGCCGGTCC-
TACTCTC

Bs CTAACTCGC ACTACTTAC GCTCAACTTCATCA CT GTAAGTAGTGC-

GAGTTAG TGATGAA TT GCGTAGCTCGAACTCGCG

Bs (inert) | GCGTAGCTCGAACTCGCG

Se CGCGGCGAGGAAGTCGCG — Biotin

B TABKFQ — ACGCTCAAC TTCATCACT AACTCGCACTACTTAC AGT-
GATGAAGTTGAGCGT AAGTAGT
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Appendix B

Supplementary theory for Chapter 3

B.1 Proof of Equation 3.18

This section outlines the derivation of Equation 3.18 using Equation 3.4. From Equation 3.17

we calculate

ny(rom)Nr | my(wem) Ny (zem) — No(wem)n,(rom)

HWomi(won)  Ng —m(zcm) Nr(rom) — me(om) * my{aen)
/ n (:L‘ M)
+N; (zem) log {1 - m] (B.1)
_ / n (I M)
= A+ Ny(xcum)log [1 - m}
By deriving Equation 3.4 we obtain
ny(rem) = Keq [Np(zom) — ny(vem)] [Nr — np(zom)] — Keq [NL(mem) — ny(zem)] ny(zem)
mp(om) [Nz (om) — mh(zem)] — mu(zen)ny (Tom) (B.2)
NL(ICM) - nb(JCCM) Ng — nb(ICM) '

where in the second line we have used Equation 3.4. From the previous equation we obtain an

expression for ny(rcm) as a function of Ny (zem)

[Nr — np(zem)] no(rem) Nz (zom)
Ni(zem)Nr — np(zcom)?

ny(zem) (B.3)
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By using the previous equation in Equation B.1 we can prove that the first three terms in the

right-hand-side of the latter cancel, therefore proving Equation 3.18. Specifically

ny(xem)Nr | mp(rom) N (zem) — Ne(zom)ny(zom) |
A= Ng — ny(xcem) * Ni(zem) — mp(zom) *r(ou)
~ mp(zem) NrNp (zom) ny(zom) N (Tem)
Np(zem)Ng — np(zem)?  Np(zem) — m(zom)
B Ni(zem) [Nr — np(zem)] ne(zem) Np (zom)
Ni(zem) — mp(rom) Nrp(zem)Ng — ny(zem)?
N [Nr — ny(zom)] ne(zem) N (Tom)
NL($CM)NR - nb($CM)2
_ m(@em) Ny (wem) Ni(zem) [Nr — np(zonm)] ne(zon) Ni (Tom)
Np(xem) — np(zem)  Ni(zem) — m(rom) Ni(zem)Nr — ny(rom)?
__ m(zem)*Ni(zom)
Nr(zem)Ng — np(rom)?
__m(zem) Ny (zom)
Nip(zem) — np(rem)
___ m@em)Ni(zew) [ Nelwom) Nr —m(rem)] (zen)
Ni(wes)Nr — mp(zen)? | Ni(wea) — my(wen) ree
_ m(mem)Ni(zen)  m(mem)Ni(zes)  Ni(zes)Nr — my(zem)’
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Figure C.1: Full data showing that vesicles functionalised with longer sticky ends
diffuse more slowly. Standard deviation of average vesicle velocity versus sticky end length, as
per the vesicle motility experiments in Chapter 3); the velocity is decomposed into components
parallel and perpendicular to the gradient direction. The plots show the same comparison as
in Figure 3.12, although in this case both the mobile population and entire vesicle sample are
shown for experimental vesicle data, and simulation results for all simulated vesicle diameters
are shown.
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Figure C.2: Size distributions of vesicles recorded in vesicle motility experiments in
Chapter 3, shown for the mobile vesicle population and for all vesicles combined.
This figure is the equivalent of Figure 3.3b, but with an additional plot showing data for all
vesicles (i.e. the mobile and immobile populations combined). Data are shown for sticky
end lengths [ = 5, 6 and 7nt in both plots. Vesicle diameters were measured as part of the
automated tracking process outlined in Section 3.2.5.
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Figure C.3: Full experimental data showing that vesicle drift velocity increases with
decreasing sticky end length. These plots are the equivalent of the line plots in Figure 3.10
in which only data for the mobile vesicle population are shown; here, additional plots are
included to show data for all vesicles (i.e. the mobile and immobile populations combined).
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Figure C.4: Full experimental distributions of vesicle velocities relative to the gradi-
ent direction. These plots are the equivalent of the scatter plots in Figure 3.10 in which only
data for the mobile (or mobile) vesicle population are shown; here, additional plots are included
to show data for all vesicles (i.e. the mobile and immobile populations combined). The axes
of the lots have been left uncropped here to show the full distributions of vesicle velocities.
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Figure C.5: Full trajectory data from simulations, for varying vesicle diameter and
sticky end length. These plots are the equivalent of the line plots in Figure 3.11 in which
data were shown for 1 um-diameter vesicles, and the trajectory durations were cropped to a
common length for ease of comparison; here, the full simulated durations are shown instead for
vesicles of diameter d = 0.2, 1 and 1.8 pym.
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Figure C.6: Full distributions of simulated vesicle velocities relative to the gradient,
for varying vesicle diameter and sticky end length. These plots are the equivalent
of the scatter plots in Figure 3.11 in which data were shown for 1 pum-diameter vesicles, and
the axes were cropped to enable ease of visualisation. Here, data are shown for vesicles of
diameter d = 0.2, 1 and 1.8 um, and the axes have been left uncropped to show the full velocity
distributions.
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Figure C.7: Full distributions of average vesicle velocity parallel to the gradient
binned by vesicle size, from experimental data. Data are shown for sticky end lengths
[l =5, 6 and 7nt. These plots are the equivalent of the experimental data plotted in Figure 3.16,
but in this case data are plotted for the filtered (mobile) vesicle population and for all vesicles
combined, and all outliers are shown. The average vesicle velocities have been calculated as
total displacement parallel to the gradient divided by the trajectory duration, where positive
values indicate motion along the gradient in the direction of increasing ligand density. The
mean of the distribution for each vesicle size range is marked with a cross.
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Figure C.8: Full distributions of average vesicle velocity parallel to the gradient
binned by vesicle size, from simulation results. Data are shown for sticky end lengths
[l =5, 6 and 7nt. These plots are the equivalent of the simulation data plotted in Figure 3.16,
but in this case all outliers are shown. The average vesicle velocities have been calculated as
total displacement parallel to the gradient divided by the trajectory duration, where positive
values indicate motion along the gradient in the direction of increasing ligand density. The
mean of the distribution for each vesicle size range is marked with a cross.
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Figure C.9: Full distributions of average vesicle velocity perpendicular to the gra-
dient binned by vesicle size, from experimental data. Data are shown for sticky end
lengths [ = 5, 6 and 7nt. These plots are the equivalent of the experimental data plotted in
Figure 3.17, but in this case data are plotted for the filtered (mobile) vesicle population and
for all vesicles combined, and all outliers are shown. The average vesicle velocities have been
calculated as total displacement perpendicular to the gradient divided by the trajectory dura-
tion. The mean of the distribution for each vesicle size range is marked with a cross.
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Figure C.10: Full distributions of average vesicle velocity perpendicular to the gra-
dient binned by vesicle size, from simulation results. Data are shown for sticky end
lengths [ = 5, 6 and 7nt. These plots are the equivalent of the simulation data plotted in
Figure 3.17, but in this case data are plotted for the filtered (mobile) vesicle population and
for all vesicles combined, and all outliers are shown. The average vesicle velocities have been
calculated as total displacement perpendicular to the gradient divided by the trajectory dura-
tion. The mean of the distribution for each vesicle size range is marked with a cross.
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Figure C.11: Full distributions of absolute vesicle displacement for varying fuel con-
centration in the burnt-bridges adaptation of the vesicle motility system. The box
plots show the distributions of absolute vesicle displacement over 19.5 hours, in burnt-bridges
vesicle motility experiments described in Section 4.6.1. This plot corresponds to the same data
shown in Figure 4.14, except that data for all vesicles are shown, as opposed to being filtered
to the mobile vesicle population. The concentration of the fuel strand F' has been varied up to
16 puM.
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Figure C.12: Full data from burnt-bridges vesicle motility experiments where the
density of substrate DNA has been varied. The plots show data for all vesicles in
experiments discussed in Section 4.6.2. This figure corresponds to the same data shown in
Figure 4.15, except that data for all vesicles are shown, as opposed to being filtered to the
mobile vesicle population. The relative density of the substrate construct S has been set to
either 0.1 or 1.
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Figure C.13: Full data from burnt-bridges vesicle motility experiments, comparing
vesicle motion to the direction of the gradient. The plots show the trajectories and
average velocity distributions relative to the gradient direction, for all vesicles in experiments
discussed in Section 4.6.3. This figure corresponds to the same data shown in Figure 4.16, except
that data for all vesicles are shown, as opposed to being filtered to the mobile vesicle population;
also, the axis limits in (b) have been set to include all data points, rather than cropping outliers.
The axes in (a) are in distance units of microns. The means of the distributions in (b) are
labelled and annotated in red.
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