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DNA-based Artificial Mimics of Cell-surface Machinery

Roger Milton Rubio Sánchez

Abstract

The plasma membrane of cells has evolved to mediate a broad array of functionalities
critical to life, such as molecular trafficking, signal transduction, motility, adhesion and
communication. These functionalities are often reliant on highly sophisticated membrane-
anchored nano-machines, and enabled by the ability of the cell to regulate their spatio-
temporal distribution and interactions.

Bottom-up synthetic biology aspires to replicate the rich phenomenology associated with
biological systems in artificial cells, micron-sized entities created de-novo to display life-like
behaviours. Artificial cells have been constructed using a range of elementary molecular
components, from lipids to polymers and proteins, yet artificial cellular membranes are
usually passive enclosures lacking the diverse functionalities hosted by their biological
counterparts.

DNA nanotechnology has emerged as a prime route for biomimicry given its yet un-
paralleled control over the structure and dynamic responses of synthetic nanostructures.
Particularly promising in the context of bottom-up synthetic biology is the possibility of con-
structing bio-inspired DNA devices that mimic the structure and action of membrane-bound
biological machines, and integrate them with artificial-cell membranes to unlock some of the
rich functionalities sustained by the plasma membrane.

In this thesis, I explore the use of functional DNA nanostructures to program the properties
and responses of the lipid membranes of synthetic cells. By depending our understanding of
how cations, hydrophobic modifications of the nanostructures, and bilayer-phase influence
DNA-lipid interactions, I was able to emulate key phenomena exhibited by biological
interfaces, such as surface patterning, cargo transport, and lipid domain sculpting. In
addition, I show how membrane phase transitions enable reshuffling the content of proto-
cells, leading to the assembly of functional nucleic acids in daughter proto-cells. Altogether,
my findings showcase the potential that DNA-membrane platforms have for biomimicry,
unlocking pathways for engineering ever-more intricate functionalities that will help artificial
cells realise their paradigm-shifting potential.
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Chapter 1

Introduction

1.1 Artificial Cell Science: Constructing life from inani-
mate building blocks

Over the last two decades, synthetic biology has emerged as the rational and systematic
engineering of biological, biomimetic, and bio-inspired devices that harness or emulate
naturally-occurring functionalities [1, 2]. In early implementations, a top-down approach
gained popularity by exploiting cellular transformation technologies to genetically modify
living organisms. Indeed, bio-engineered cells would host exogenous – yet characterised
– genetic elements, strategically assembled and combined to generate new and interesting
behaviours [3]. While posing an attractive route to construct devices that cater various
technological contexts and applications, top-down synthetic biology has also encountered
challenges and limitations. For instance, modified organisms still need to invest resources
and energy in basic metabolic processes, cannot handle the usage and/or production of toxic
metabolites [4], and in some cases, lack the appropriate machinery to facilitate correct protein
folding [5] and to achieve necessary post-transcriptional modifications. Genetically-modified
organisms also face several restrictive regulations and carry biological risks, thus further
limiting their applicability and deployment.

Conversely, bottom-up synthetic biology aims at creating analogous bio-inspired minimal
cellular models, or artificial cells: entities constructed from inanimate elementary compo-
nents capable of mimicking life-like behaviours [6]. As graphically illustrated in Figure 1.1,
artificial cells can be modularly designed to display programmable features with functional
constituents that are decoupled from the cellular environment [7]. Thus, synthetic cells
allow for circumventing limitations inherent to their biological counterparts (e.g. the incor-
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Fig. 1.1 Artificial cells are engineered to display life-like functionalities. Synthetic minimal
entities bestowed with life-like behaviours, usually by implementing biologically-active material
in compartments enclosed with semi-permeable membranes. A range of functionalities analogous
to their biological counterparts have been accomplished, ranging from gene expression to energy
production and proto-cellular communication and signalling pathways.

poration/production of toxic compounds), and have enabled platforms to probe pathways for
life to emerge [8] as well as to study cellular processes in isolation from physiological com-
plexity [4]. In fact, several artificial-cell approaches have taken inspiration from biological
cells and have already replicated responses such as gene expression and protein synthesis [9],
vesicle transport [10], energy production [11, 12], proto-cell communication pathways and
compartmentalised reactions [13–15], and biomimetic cytoskeletal assembly [16, 17]. Such
versatility readily speaks for their great potential to revolutionise various industries, with ap-
plications that range from smart biosensing to tailored drug delivery, large-scale biosynthesis,
and bioremediation [7, 18, 8].

Living cells can efficiently sustain tightly regulated, yet dauntingly complex, metabolic
networks [19], thus fostering a breadth of dynamic molecular processes. Key to achieving
these responses is the isolation of distinct biochemical environments, usually attained by
enclosing biological machinery within semi-permeable membranes [20, 21]. Besides pro-
viding a means for compartmentalisation, biological interfaces have been shown to actively
facilitate a range of functionalities that are critical to life, thus allowing living organisms to
interact, respond, and adapt to their environment.
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Fig. 1.2 Biological membranes are heterogenous and complex. Schematic representation of the
highly complex plasma membrane, adapted from a diagram of the lipid bilayer membrane by Mariana
Ruiz available in Wikimedia Commons under a CC BY-SA 3.0 license. Biological membranes feature
different types of surface, peripheral, and intergral proteins, glycans and carbohydrates that decorate
the surface of the phospholipid bilayer, as well as membrane-associated filaments that comprise the
cytoskeleton.

1.2 Biological membranes actively regulate interactions and
responses

Biological membranes feature an extreme compositional complexity [22], a trait that has been
functionally implicated in various cellular processes. The plasma membrane, for example,
is comprised of hundreds of lipid species and membrane-associated proteins, which have
been estimated to account for approximately 15% of the overall protein mass of the cell [23].
While mostly composed of phospholipids and sphingomyelins, biological membranes are
decorated by a sheer variety of proteins, as depicted schematically in Figure 1.2. Membrane-
bound proteins can be classified with respect to their degree of association to the phospholipid
bilayers. While peripheral proteins simply transiently interact with the membrane surface but
not the hydrophobic core, integral proteins are embedded into the bilayer. When spanning
the two leaflets, transmembrane proteins would be referred to as bitopic, while those that
anchor to only one leaflet are known as monotopic or surface proteins [24]. Similarly, the
plasma membrane features mostly zwitterionic lipid species on the outer leaflet while the
cytoplasmic leaflet is enriched with charged lipids [22]. The lipid asymmetry arising from
this phenomenon has implications on the structural properties of the membrane, playing a
defining role, for example, in membrane tension, spontaneous curvature, and lipid diffusivity.
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Biological membranes have evolved a range of active and passive pathways to tightly
modulate the spatio-temporal distribution of inclusions and thus overcome their complex
molecular heterogeneity. Bilayer-bound machinery facilitates processes that range from
environmental sensing, signal transduction, and molecular trafficking to morphological re-
modeling as well as cellular and tissue adhesion [25]. For instance, some membrane proteins
have been shown to actively induce or sense local changes in curvature [26], thus potentially
leading to the herding and scaffolding of machinery involved in signalling hubs [27, 28] and
focal adhesions [29]. Conversely, other pathways have been proposed to be reliant on the
emergence of lipid rafts [30, 31], phase-separated clusters of lipids and proteins thought to
enable the co-localisation of receptors and subsequent activation of signalling cascades. In
this case, the preferential association between sterols, sphingolipids, and amphiphilic proteins
enables the lateral segregation and accumulation of species into domains or rafts [30], thus
providing a platform for the spatio-temporal isolation of membrane-bound proteins that can
coordinate and promote cellular processes. [32].

Conventional optical microscopy is limited in resolution to monitor the emergence of
nano-scaled rafts in native membranes, and other approaches have been sought to shed
light on their existence. Growing evidence has been gathered with the identification of
distinctive regions with higher resistance to extraction with non-ionic detergents, where
the close packing of lipids in rafts is most likely responsible for the lack of solubility of
the resistant fractions [31]. Other supporting insights have arisen with the observation of
antibody-labelled rafts with electron microscopy [33] and drag measurements on antibody-
bound membrane proteins [34]. More recently, single-molecule imaging has shown the
emergence of domains in the order of ∼ 50 nm, which are able to drive the co-localisation of
B-cell receptors [35].

Lipid rafts are proposed as a means to regulate the lateral organisation of membrane
inclusions, and are believed to also underpin many other types of membrane-associated
functionalities. For instance, rafts could form the basis for co-localisation platforms in
signal transduction, where relevant components can be recruited upon domain formation
and facilitate their interaction. Indeed, tyrosine kinase, a well-characterised cell-surface
receptor, has been shown to behave differently in raft and non-raft environments [36], which
supports the regulatory effect that these assemblies could have on membrane-bound proteins.
In addition, the presence of rafts with distinct compositions could modulate the spatial and
temporal co-existence of proteins with complementary activity when triggered by a chemical
ligand. Specifically, complementary components in a signalling pathway could exist in
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isolated compartments, and would be brought in close proximity only by coalescing rafts in
the presence of specific chemical signals [37].

With such a complex and rich phenomenology in mind, model synthetic lipid bilayers
have been proposed as analogues to plasma membranes in an attempt to circumvent their
compositional complexity, and thus investigate the biophysical principles of membrane
organisation to replicate these functionalities in artificial cells. By harnessing the spontaneous
self-assembly of lipids in aqueous solution, model membranes have been generated as
supported bilayers [38] or as free-standing unilamellar vesicles, with sizes ranging from
small (SUVs, < 100nm) to large (LUVs, 100nm to ∼ 1 µm) and giant (GUVs, 1 µm to
∼ 100 µm ) [39], further enabling us to study, characterise, and mimic of a number of
biophysical phenomena.

1.3 Construction of functional biomimetic membranes

Synthetic cellular systems also rely on compartmentalisation to achieve macromolecular par-
titioning, thus enabling the chemical heterogeneity required to sustain biochemical processes.
These synthetic compartments are usually realised through the encapsulation of biologically-
active material within a semi-permeable boundary. Biomimetic interfaces, analogous to the
plasma membrane, have been constructed with lipids [20], polymers [40], proteinosomes [15],
droplets [41], and pickering emulsions [42]. However, synthetic-cell membranes are usu-
ally passive enclosures that lack the vast and diverse functionalities typically exhibited by
biological membranes, preventing them from engaging in more intricate pathways that can
can enable signal transduction, information processing, and inter-cellular communication.
In view of their similarity with biological membranes, the most common artificial-cell im-
plementations are reliant on lipid bilayers [20], which provide a biocompatible platform to
emulate a range of life-like functionalities.

1.3.1 Biophysics of Lipid Membranes

The self-organisation of amphiphiles into lipid bilayers has been the subject of research for
many decades. When dispersed in aqueous solutions, the amphiphilic character of lipids
makes them self-assemble driven by the hydrophobic effect, where molecules interact with
each other to conceal their hydrophobic ends within a supramolecular structure [43]. Besides
the influence of the solvent, lipid packing is modulated by the geometry of the molecules, as
depicted in Figure 1.3a. One can use the packing parameter p, given by



6 Introduction

Micelles Bilayers

a. b.

O

O

O

O

O
PO

O

O-N+

O

O

O

O

O
PO

O

O-N+

Phospholipid

O

O

O

O

O
PO

O

O-N+

O

O

O

O

O
PO

O

O-N+

Hydrophilic
headgroup

Hydrophobic
acyl chains

Fig. 1.3 Amphiphile geometry influences lipid self-assembly. Lipid geometry, as described by the
packing parameter p (Eq. 1.1), plays a defining role in the self-assembly of lipids into supramolecular
structures. a. The relationship between the volume of the lipid, the area of the headgroup, and the
critical length of the tail will ultimately determine if micelles, bilayers, or other type of lamellar
structures are assembled. b. Phospholipids, such as DPPC (top) or DOPC (bottom), have a cylindrical
geometry that allows them to spontaneously form bilayers when dispersed in solution.

p =
v

aolc
(1.1)

to rationalise the organisation of amphiphiles into various supramolecular assemblies,
where ao is the area of the hydrophilic head group, v is the volume occupied by the lipid, and lc
refers to the critical length of the hydrophobic carbon chain. For example, p< 1

3 would induce
the formation of micelles, while bilayers spontaneously assemble when 1

2 < p ≤ 1 [44].

Lipid membrane phase behaviour

Lipid self-assembly into bilayers creates a two-dimensional structure, where lateral organ-
isation is driven by the hydrophobic acyl chains. The acyl chains can be saturated or
unsaturated, which is indicative of the presence of double carbon-carbon bonds. Thus,
lipids lacking saturations (i.e. no double bonds) can closely pack their hydrophobic tails
alongside each other. Conversely, unsaturated chains have kinks due to the double bonds (as
shown in Figure 1.3b), either in cis or trans configurations, resulting in bulkier species with
fewer degrees of freedom that in turn reduce the lateral packing efficiency [45]. Overall, the
physical properties of lipid bilayer membranes are strongly determined by the lipid species
that comprise them, and thus influenced by characteristics such as charge and size of head
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Gel-phase lipid bilayer Fluid lipid bilayer

Phase transition

Temperature

Fig. 1.4 Gel-to-fluid phase transition can be induced in model bilayers. Model membranes,
composed of a single type of lipids, adopt a solid-like of gel phase at sufficiently low temperatures
(i.e. T < Tt). Temperature increase mediates a gel-to-fluid phase transition, where lipids are able to
laterally diffuse and re-distribute, and thus the membrane is said to be in a liquid phase.

groups, and length and degree of saturation of the tails.

Lipid membranes can display different, also co-existent, phases typically differentiated
by lipid packing. In the most simplified scenario, single-component bilayers where lipids
experience lateral mobility are considered to be in a liquid (fluid) phase (Lα ) [46]. In this case,
lipids are able to easily diffuse given that they are able to pack less tightly. In turn, membranes
where the amphiphiles can closely pack have lower diffusion rates and are said to be in
solid-like or gel phase. The latter case is often observed at sufficiently low temperatures, i.e.
below a lipid melting temperature (Tt) [47]. Thus, as schematically depicted in Figure 1.4a, a
gel-to-fluid phase transition can take place at the temperature (Tt) at which thermal energy is
sufficient to overcome the attractive van der Waals interactions between neighbouring lipids.

A slightly more complex scenario can be considered with binary mixtures, where bilayers
are composed of two types of amphiphiles: A and B. One can examine their behaviour
through a simple Flory-Huggins formalism given by

∆G = kBT φAlog(φA)+ kBT φBlog(φB)+ kBT χABφAφB (1.2)

where φA(B) is the molar fraction of component A(B), kB is Boltzmann constant, and χAB

is a parameter accounting for the (attractive or repulsive) pairwise molecular interactions
between components A and B (i.e. the Flory-Huggins parameter). Importantly, this approach
is not restricted to lipid mixtures, and can be used to estimate the behaviour of any mixture of
two liquids (e.g. polymer solutions). It is apparent that the first two terms give the entropy of
mixing, while the third term describes inter-component interactions. Given that φA +φB = 1,
Eq. 1.2 can be re-written as
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Fig. 1.5 Phase co-existence regions in phase diagrams provide design criteria to exploit phase
behaviour in model membranes. Phase diagrams map the phase behaviour of multi-component
bilayers, thus enabling to identify phase co-existence regions. a. Representation of a binary mixture
phase diagram computed by extracting the local minima of Eq. 1.3 at various temperatures. The
interaction parameter is assumed to be inversely proportional to the temperature such that χAB ∝ 1/kBT .
The graph shows the critical point (Φc,Tc), the binodal (red) and spinodal (blue) curves, which delimit
the phase co-existence region. b. Schematic representation of a ternary mixture phase diagram in a
Gibbs triangle, showing the liquid-liquid phase co-existence region at a defined temperature.

∆G = kBT [φAlog(φA)+(1−φA) log((1−φA))+χABφA (1−φA)] (1.3)

From Eq. 1.3 it follows that, at certain temperatures and concentrations, the free energy
profile will have more than one minimum. The emergence of local extrema leads to membrane
de-mixing, or phase separation, which refers to the preferential re-arrangement of lipids into
distinct phases with different compositions.

Computing dG/dφ A, and thus accessing the local minima, allows to construct a binodal
curve, which delimits the region of phase co-existence in a phase diagram, shown graphically
in Figure 1.5a. Within this so-called metastable region, de-mixing ensues through the
nucleation of domains, which can diffuse, collide, and grow. In turn, from d2G/dφ A

2

one can identify the region of negative curvature (d2G/dφ A
2 < 0), which will lie between

the inflection points of the second derivative (d2G/dφ A
2 = 0). These points enable to

construct the spinodal curve that marks the region of instability to small fluctuations, where
the system will spontantously phase separate through spinodal decompositon. Indeed, as
opposed to the nucleation and growth regime, in compositions and temperatures within
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the spinodal, or unstable, region the system is sensitive to small perturbations, leading to
spinodal decomposition.

These biophysical arguments can be extended to more complex scenarios, such as
membranes composed of ternary mixtures. The Flory-Huggins free energy can be described
in a similar fashion by accounting for the entropic contributions of each lipid species as well
as their interactions with each other, allowing the construction of phase diagrams on Gibbs
triangles (Figure 1.5b) at defined temperatures. Similarly to binary mixture systems, three-
component bilayers have been shown to undergo de-mixing and display phase co-existence.
For instance, as depicted in Figure 1.6, membranes composed of specific combinations
of sterols, high-melting temperature lipids, and low-melting temperature lipids have been
shown to phase-separate into co-existing liquid phases with different compositions [46,
48]. The liquid disordered (Ld) accommodates most of the unsaturated lipids while the
liquid ordered (Lo) phase is enriched with saturated lipids and sterols. In the latter, the
sterol rings drive a preferential interaction between the hydrocarbon saturated tails, thus
inducing neighbouring saturated acyl chains to adopt extended conformations and resulting
in an increase in membrane thickness and a hydrophobic mismatch between co-existing
phases [30].

As with single component membranes, mixing of co-existing phases into a homoge-
nous bilayer occurs at the temperature at which thermal energy is enough to overcome the
interfacial energy. Upon cooling, phase separation initiates at the de-mixing temperature
(Tm) [47]. Assuming that the binodal is crossed towards the phase co-existence region far
from the critical point via a slow temperature quench, de-mixing usually begins through
the nucleation of assemblies with fluctuating lipid composition. In a millisecond-timescale,
these nucleation points grow and re-organise into domains with circular morphology so as to
minimise the energy penalty arising from molecules at the boundaries of co-existing phases,
also known as line tension. Owing to lateral diffusion, domains collide and coalesce into
bigger domains further minimising the interfacial energy [49]. The boundaries between
phases, or line interfaces, have a temperature-dependent thickness consistent with the 2-D
Ising model prediction [48], referred to as correlation length (ξ ). Conversely, approaching or
at the critical point (Φc,Tc), the lengthscale of the composition fluctuations diverges with the
correlation length while the line tension vanishes.

Membrane phase co-existence and de-mixing temperatures are strongly influenced by the
lipid species, their melting temperature, and the molar composition of the mixture. Let us
consider, for example, a ternary lipid mixture composed of the unsaturated DOPC, saturated
DPPC, and cholesterol. The composition space has been explored by Veatch, Keller, and
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Fig. 1.6 Ternary-component membranes have a propensity to de-mix. Schematic representation
of a lipid membranes composed of high-melting and low-melting lipids mixsed with sterols. At
specific lipid compositions, these bilayers have a propensity to de-mix. Phase separation can occur,
for instance at sufficiently low temperatures (i.e. T < Tm), and lead to the co-existence of liquid
ordered (Lo) and liquid disordered (Ld) phases, separated by a Ld/Lo boundary or line interface.

co-workers in various instances so to map the regions of phase co-existence at different
temperatures, as exemplified in Figure 1.7b with a depiction of a phase diagram constructed
at T = 10◦C [50].

Here, high molar molar fractions of cholesterol (ΦChol > 0.7) are inaccessible since
cholesterol is expelled from the membranes [51]. Starting on one vertex of the Gibbs triangle,
single-component DPPC membranes adopt a gel phase. Travelling along the DPPC/Chol
edge (i.e. ΦDOPC = 0), increasing the cholesterol concentration would lead to gel-Lo phase
co-existence, and ultimately to purely Lo-phase membranes. Conversely, if following the
DPPC/DOPC edge, the incorporation of unsaturated DOPC lipids produces membranes
with gel-Ld phase co-existence. Higher fractions of DOPC with respect to DPPC results in
membranes displaying Ld phases only, as is also the case for DOPC/Chol binary mixtures
(i.e. ΦDPPC = 0).

In ternary mixtures, a small subset of compositions would allow the co-existence of
three phases (gel + Lo + Ld), while some other lead to vesicles that feature Lo-Ld phase
co-existence. Within this liquid-liquid co-existence region, it is also possible to identify
tie-lines. The tie-line endpoints provide quantitative insight into the lipid composition of each
of the phases. The tie-lines span the liquid-liquid phase co-existence region, and have been
shown to run left to right with a shallow slope that is inclined towards more cholesterol in
the DPPC-rich phase (Lo). The latter is indicative of a more equal distribution of cholesterol
between co-existing phases when compared to DOPC and DPPC, which partition to Ld and
Lo, respectively. Finally, the phase diagram also shows a critical point (Φc, Tc). This is
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Fig. 1.7 DOPC/DPPC/Chol mixtures can be rationally designed to access phase co-existence
regions. Ternary phase diagram of DOPC/DPPC/Chol at constructed T = 10◦C, drawn from ref. [50].
The diagram highlights phase co-existence regions (e.g. Lo-Ld, Gel-Lo and Gel-Ld, three-phase
regions) as well as single liquid-phase regions. It also includes a representative tie-line and the critical
point (Φc,Tc) in yellow, where Tc = 10◦C.

defined as the composition (Φc) that displays critical behaviour at the temperature the phase
diagram was constructed, i.e. in this example Tc = 10◦C.

A whole body of research has mapped the phase behaviour of model synthetic membranes
prepared from different mixtures of lipid species. Several phase diagrams relate the molar
composition of lipid species to the co-existence of distinct phases, and in some cases,
the associated de-mixing temperature [47, 52, 53, 51], thus providing guiding criteria to
engineer biomimetic lipid membranes that, given their propensity to phase-separate, display
functionalities analogous to their biological counterparts.

1.4 An introduction to DNA Nanotechnology

1.4.1 Physical and chemical properties of DNA molecules

The deoxyribonucleic acid (DNA) molecule is perhaps one of most well-known biomolecules
in the world, underpinning life as we know it. As a critical component of the central dogma
of molecular biology, it has been studied and characterised exhaustively for over six decades,
work that has resulted in the thorough understanding of its physical and chemical properties.
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Nucleic acids are polymers composed of nucleotides, which themselves consist of a
phosphate backbone, a deoxyribose, and a hydrophobic nitrogenous base, also known as
nucleobase: adenine (A), thymine (T), cytosine (C), or guanine (G) [54]. Neighbouring
monomers are covalently linked through a phosphodiester bond joining the 5’-hydroxyl
group of the sugar in one nucleotide to the 3’-end phosphate of the next base, in turn giving
rise to the asymmetry that bestows DNA molecules with directionality [55].

The pioneering X-ray crystallography work of Franklin & Gosling shed light into the
molecular structural details of B-DNA, establishing that two complementary DNA oligonu-
cleotides can self-assemble into a ∼ 2 nm wide helical duplex featuring the phosphate groups
on its outer surface [56]. The duplex emerges through the anti-parallel hybridisation of bases
in complementary strands, resulting in a conformation largely stabilised by the so-called
base stacking interactions. The latter refer to the planar stacking of nucleosides in the axis
normal to the aromatic bases, thereby enhancing the van der Waals interactions between them
and conferring the duplex with a helical pitch approximately every 10.5 base pairs [57, 58].
Furthermore, as shown schematically in Figure 1.8, nucleobases are able to sustain specific
interactions facilitated by hydrogen bonds. Such a process, better known as Watson-Crick
base pairing [59], allows the coupling of adenine to thymine and cytosine to guanine via two
and three hydrogen bonds, respectively. Single-stranded oligonucleotides are highly flexible
with a persistence length (lp) of ∼ 2 nm, while for double stranded DNA (dsDNA) lp is ∼ 50
nm [60].

The DNA molecule has been acknowledged to have robust physico-chemical properties.
The binding thermodynamics of short oligonucleotides can be predicted through simple
models, such as the Nearest Neighbour model and the parameters provided by Santa Lucia
through empirical measurements of hybridisation free energies for a variety of DNA mo-
tifs [61]. In this case, the model accounts for the effect that each pair of nucleotides (Ni,
Ni+1) has on the overall standard free energy of duplex hybridisation, described as:

∆G◦ = ∆G◦
initial +

N−1

∑
i=1

∆G◦(Ni,Ni+1) (1.4)

where ∆G◦
initial is the energy penalty for the initiation/termination of duplexes with an A-T

pair. This rationalisation of DNA-DNA strand self-assembly has resulted in a quantitative
predictability of sequence-based designs and their interaction [62]. The standard free energy
of hybridisation (∆G◦) for two strands can be decomposed into enthalpic and entropic
contributions as
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Fig. 1.8 DNA duplexes assemble via hydrogen bonding and base stacking. Schematic represen-
tation of DNA molecules hybridised into a duplex, highlighting the pairing between adenine and
thymine as well as cytosine and guanine, which give rise to sequence-specific interactions. The
∼ 2 nm wide duplex (in its B-conformation) has a helical pitch every 10.5 base pairs, which in turn
are spaced every ∼ 0.34 nm. Redrawn and adapted from [54]

∆G◦(T ) = ∆H◦−T ∆S◦ (1.5)

where ∆H◦ and ∆S◦ refer to the enthalpy and entropy, respectively, of hybridisation. The
contributions to ∆H◦ are mainly from base stacking and also hydrogen bonding between base
pairs, while those from ∆S◦ account for the loss of entropy experienced by the flexible single-
stranded oligonucleotides when assembling into the helical duplex. Under the assumption
that the enthalpy and entropy terms are temperature-independent, ∆G◦ increases linearly
with temperature. Therefore, it follows that duplex formation becomes less favourable with
increasing temperature, or as thermal energy overcomes the attractive interactions between
base pairs. Temperature increase then leads to a decrease in concentration of double-stranded
DNA in favour of single-stranded species, in a process better known as duplex denaturation.

Under this assumption, DNA hybridisation is considered to be a second-order reversible
reaction, in which a strand A can hybridise with strand B through base complementarity into
a duplex AB as
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A+B
kon−−⇀↽−−
koff

AB (1.6)

with kinetic rates kon and koff described respectively by hybridisation and denaturation
constants. Additionally, the equilibrium constant Keq for the hybridisation reaction to proceed
can be calculated by

Keq =
[AB]
[A][B]

=
kon

koff
(1.7)

Conversely, the free energy of denaturation can be computed with

∆G◦(T ) =−RT ln
[A][B]
[AB]ρ◦ (1.8)

where R is the gas constant and ρ◦ = 1M is a reference concentration. It is thus easy to
define a melting temperature (Tm) as the temperature at which half of the DNA molecules
exist as single strands and half are hybridised in AB duplexes. Given that at the Tm, the
concentrations of AB will be equal to that of single-stranded A and B, which is half the initial
duplex concentration (ABinitial), Eq. 1.8 leads to

Tm =− ∆G◦(Tm)

Rln
(
[ABinitial]

2ρ◦

) (1.9)

Using the definition for the standard free energy in Eq. 1.5, the Tm can be expressed as

Tm =
∆H◦

∆S◦−Rln
(
[ABinitial]

2ρ◦

) (1.10)

The melting temperature of a DNA duplex is also influenced by the length of the interact-
ing strands, their sequence, and, to a lesser extent, by salt concentration in solution.

The paramount progress in DNA synthesis [63] coupled to the emergence of bio-
conjugation chemistries have allowed to easily produce and chemically modify oligonu-
cleotides [64], thus expanding their power beyond base pairing interactions. The advent of
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these technologies have raised an interest to harness the properties of DNA and exploit it
for purposes different than the perpetuation of genetic information [65]. DNA molecules
offer a versatile platform where one can exploit properties such as Watson-Crick base pairing
and base stacking, as well as its biocompatibility and robust resistance to degradation when
compared to other biomolecules such as RNA and proteins [62]. DNA has been conse-
quently proposed as a building block to assemble nanostructures with prescribed two and
three-dimensional conformations [66]. This gave rise to the rapidly-expanding field of DNA
nanotechology, which exploits the physico-chemical properties of nucleic acids to finely con-
trol the spatial and temporal distribution of DNA molecules in nano-scaled supramolecular
systems [62, 67]. The field of DNA nanotechnology is conventionally divided in two main
branches, structural and dynamic, which are discussed in more detail below.

1.4.2 Structural DNA Nanotechnology

Structural DNA nanotechnology was first conceived by Nadrian Seeman in 1982, when
aiming to create DNA-based rigid scaffolds as a means of immobilising protein structures
in a manner that could allow for X-ray crystallography. Structural DNA nanotechnology
uses DNA molecules to assemble finely-controlled two and three-dimensional structures,
resulting in nano-scaled supramolecular topologies. The fundamental motif of structural
DNA nanotechnology is the synthetic Holliday junction [68], also known as branched DNA
or DNA nanostars. DNA nanostars are conformations of hybridised strands where helices,
or arms, project outwards from a central junction. The arms often terminate with DNA
overhangs, or sticky-ends, in turn allowing specific and programmable interactions with other
nanostars.

Early studies in the field demonstrated the potential of branched DNA molecules as
basic building units for the production of simple architectures [74]. However, their intrinsic
flexibility posed a limit to the scale and complexity of the structures that could be achieved.
The use of more rigid crossover tiles and tensegrity triangle motifs enabled the production of
extended 2-D and 3-D DNA periodic arrays [75, 69], as showcased in Figure 1.9a. Later
on, the field saw a paradigm shift with the introduction of the DNA origami technology [70].
This technique employs a long, phage-derived, DNA strand that serves as a scaffold for
shorter rationally-designed strands, or staples, to fold it into a predetermined conformation,
as exemplified in Figure 1.9b. The advent of DNA origami has enabled the development of
nanostructures that have achieved and gone beyond the initial aim of producing crystalline
frameworks [76], such as actuating nanodevices in the form of hinges and slider joints [77],
as well as multi-scaffold architectures [71, 78] (see Figure 1.9c), with sizes that can reach
the GigaDalton scale [78] and that can be rationally designed to trap and neutralise viral
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Fig. 1.9 DNA nanotechnology enables the assembly of complex functional nanostructures and
materials with molecular resolution. a. DNA-based crystalline framework self-assembled from
tensegrity triangles, which in turn are schematically depicted in the inset. Scale bar = 200 µm.
Adapted with permission from [69] b. The DNA origami technology enables the generation nano-
scaled structures of near-arbitrary shape, as demonstrated with AFM micrographs. Scale bars =
100nm. Adapted with permission from [70]. c. (Left) Multi-scaffold DNA assemblies can be
achieved with prescribed geometry and fine control over the mechanical and dynamic properties of
nanostructures. Scale bar = 50nm. Adapted with permission from [71]. (Right) Multi-component
DNA-based shell constructed from icosahedral origami are capable of trapping viral particles. Scale
bar = 100nm. Adapted with permission from [72]. d. Macroscopic DNA crystallite composed of
C-stars, simple DNA four-way junctions decorated with cholesterol motifs in lieu of sticky-ends.
Scale bar = 30 µm. Adapted with permission from [73].

particles [72]. The creation of near-arbitrary shapes and geometries with DNA molecules [70,
79, 71] has also set the foundations for finely controlled mechanical actuation at the nano-
scale [80, 77], a central goal of nanotechnology.

In addition, our ability to chemically modify DNA molecules with a breadth of motifs [64],
including hydrophobic and amphiphilic tags [81–84], has been also exploited to enhance
the self-assembly capabilities of DNA nanostructures. Further adding to the control and
selectivity of base-pairing, amphiphilic DNA building blocks enable accessing self-assembly
pathways driven by the hydrophobic effect towards an equilibrum state determined by the size
and topology of DNA amphiphiles [85, 86]. Thus, amphiphilic DNA nanostructures allow
for constructing frameworks with prescribed morphology and functionality that combine the
advantageous traits of programmability and functionalisation of all-DNA approaches with the
robustness of hydrophobic interactions. Coupling DNA motifs to lipids [87], hydrophobic
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Fig. 1.10 Strand displacement enables the release of an incumbent strand via branch migration.
a. Schematic depiction of a toehold-mediated strand displacement reaction. An invader strand binds
a substrate-incumbent dimer through base complementarity to a short overhang, or toehold. Once
bound to the substrate, the invader strand undergoes branch migration through the reversible formation
and breaking of bonds with the substrate. Ultimately, strand displacement occurs as driven by free
energy minimisation, resulting in a substrate-invader dimer and a free incumbent.

polymers [88, 89], and cholesterol molecules [90] have allowed the development of a sheer
variety of architectures. Some implementations of DNA amphiphiles have achieved the
production of crystalline frameworks [90, 73], shown in Figure 1.9d, as well as nanoparti-
cles [87, 91] and assemblies [88, 89] capable of payload delivery [87], molecular partitioning
and cargo loading [90, 73], and controlled disassembly [73, 91], thus having broad implica-
tions in technological contexts that range from functional nano-materials and photonics to
the construction of cell-like objects and the engineering of biomimetic responses.

1.4.3 Dynamic DNA Nanotechnology

The reversibility of Watson-Crick base pair interactions can be exploited to engineer respon-
sive DNA circuits and nano-devices. This is the case with dynamic DNA nanotechnology,
which makes use of the programmable and predictable sequence specific interactions between
DNA strands, while operating in out-of-equilibrium systems [62]. For this purpose, DNA
nanostructures are carefully designed so as to promote and sustain cascade reactions through
discrete relaxations to lower free-energy states via processes known as branch migration
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and strand displacement. As schematically depicted in Figure 1.10, strand displacement
occurs when an invader DNA oligonucleotide, with partial or full complementarity to a
second strand, or substrate, can displace and release a pre-hybridised incumbent strand. The
displacement takes place through branch migration, reliant on the dissociation and formation
of bonds along the duplex, and usually attaining a lower energy state that involves more
formed bonds than in the initial configuration [92].

DNA strand displacement is often accomplished with two approaches. In the first one,
short overhangs or toeholds are used to facilitate the initial binding of the invader and the
substrate. Having formed an invader-substrate-incumbent complex, branch migration and
strand displacement can proceed. Thus, in toehold-mediated strand displacement, the length
and sequence of the toehold are directly related to the rate of the displacement reactions [93].
An alternative approach lacking toeholds relies on proximity between reactant strands to
catalyse the displacement. Proximity-induced DNA strand displacement (PiDSD) can be
achieved in a number of ways, yet it can be better exemplified by its first implementation
as binding-induced strand displacement [94]. In this scenario, a protein is able to bind, at
different locations, the substrate-incumbent dimer and the invader, allowing them interact
upon close proximity. Protein binding, and the resulting co-localisation of DNA duplexes,
catalyses the strand displacement reaction. Designs that employ this technique are able
to efficiently release incumbent cargo strands that can further interact with downstream
DNA circuitry, which have been applied to operate as protein-responsive DNA devices and
nucleic-acid proximity assays [94, 95].

In addition, the chemical properties of nucleic acids have also been exploited beyond the
vocabulary of base pairs. Short oligonucleotides have been developed to display recognition
properties with specificity comparable to that of antibodies, so-called aptamers [96], which
have further expanded the reach of nucleic acid nanotechnologies towards sensing. Similarly,
the introduction of self-assembled DNA constructs that display rationally-designed catalytic
activity on specific substrates, DNAzymes [97], has furthered our ambition to harness the
tools of DNA nanotechnology for biomimicry [65].

With the above in mind, dynamic DNA nanotechnology has enabled implementing strand
displacement as a robust mechanism for the generation of orthogonal DNA devices that
work through cascade reactions. Examples of these have found application in the develop-
ment of logic circuits [98], catalytic amplification signals [99, 100], reconfigurable DNA
constructs such as DNA tweezers [101], DNA walkers [102], and reprogrammable DNA
nanodevices [103]. For example, a platform reliant on DNA strand displacement was demon-
strated to facilitate proto-cellular communication, where DNA-based circuits enabled the
detection, amplification, and feedback of nucleic acid messages across proto-cell popula-
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tions [15]. While showcasing the versatility of the DNA molecule and the ease for interfacing
it with biomimetic systems, this work also highlighted the programmability and control that
can be exerted over DNA devices. It is thus natural to regard DNA nanotechnology as a
prime and robust set of tools for biomimicry, which can be readily applied to lipid bilayers
for the construction of next-generation artificial cells.

1.4.4 Amphiphilic DNA nanostructures for biomimetic functional mem-
branes

Artificial-cell technologies are reliant on compartmentalised microenvironments to promote
and sustain (bio)chemical pathways. Synthetic lipid bilayers are frequently used as enclosures
for artificial cells, but they usually lack the functionalities central to their biological counter-
parts. It is thus apparent that engineering synthetic lipid interfaces with increasingly diverse
functionalities represents a necessary stepping stone in artificial cell science (Figure 1.11a).
While most approaches for constructing responsive artificial lipid bilayers have relied on the
reconstitution of protein-based machinery [14, 104, 105, 13, 12, 106], the programmability
afforded by DNA nanotechnology offers an increasingly popular alternative [67]. For this
purpose, DNA constructs are often chemically modified with hydrophobic motifs (e.g. choles-
terol, tocopherol, lipids [107, 108]), making the nanostructures amphiphilic and driving their
attachment to the membrane by inserting in the bilayer’s core.

Regulating membrane adhesion and artificial tissue formation with DNA nanostruc-
tures

In biological membranes, weakly-interacting molecules that mediate multivalent interac-
tions underpin several processes, ranging from cell adhesion and tissue formation [109–
111], to motility [112, 113], synapse formation [114, 115], endocytosis and pathogen inva-
sion [26, 116, 117]. Various types of membrane receptors sustain these interactions, and their
size, mechanical properties, as well as affinity for their ligands have evolved to exploit the
statistical-mechanical phenomenology of multivalent interactions. In turn, a wide variety of
synthetic membrane-anchored DNA nanostructures have been designed de-novo to imitate
the diverse array of properties of their biological counterparts, and thus replicate the complex
phenomenology of multivalent membrane adhesion. DNA-mediated multivalent interactions
between lipid bilayers have thus been designed for and studied with the dual purpose of
elucidating biologically-relevant physical principles and programming adhesion and tissue
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Fig. 1.11 Biomimetic DNA nanostructures are hosted in synthetic membranes as functional
platforms for artificial cells. The tools of amphiphilic DNA nanotechnology can be exploited to
engineer functional interfaces with DNA devices designed to replicate key features of biological
membranes. a. Amphiphilic DNA nanostructures, featuring a hydrophobic moiety, decorate lipid
membranes by inserting and secluding the hydrophobe in the bilayer’s core. b. Generally, membrane-
anchored DNA devices can be structurally rationalised through three anatomically identifiable regions:
a hydrophobic anchoring agent (e.g. cholesterol, tocopherol, lipids, porphyrin), a (single or double-
stranded) spacer region, and a sticky-end. The latter is able to mediate interactions with other DNA
"receptors" through sequence-based complementary, and impart functional traits to artificial cellular
membranes.

formation in artificial cellular systems [118, 119, 107, 120].

Biomimetic DNA receptors can be structurally rationalised by identifying three anatomi-
cally distinct elements: an anchoring agent, a spacer region, and a single stranded sticky-end
domain, depicted schematically in Fig. 1.11b [118]. While the anchor physically confines
the DNA nanostructure to the membrane, the spacer region (either single or double-stranded)
determines the stiffness and extent to which the construct will project away from the interface.
Sticky-ends are designed to selectively bind complementary nanostructures and produce
adhesion, but can also be replaced by aptamers and non-DNA moieties (e.g. biotin [121],
peptides [122]) to address targets different than nucleic acids, such as proteins (e.g. strep-
tavidin, antibodies) and metabolites. These membrane-bound DNA nanostructures display
lateral diffusivity at rates similar to the surrounding lipids [123–125], which thus enables
their lateral re-distribution as driven by free-energy minimisation [118].

We owe the application of DNA nanostructures to mediate interactions between synthetic
lipid bilayers to the contributions of Boxer, Höök and co-workers in the 2000s [126–130].
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Their early experimental implementations, which tethered DNA-decorated SUVs to Sup-
ported Lipid Bilayers (SLBs) via complementary sticky-ends, allowed them to measure
the lateral diffusivity of the DNA-tethered SUVs [126] and the kinetics of their dock-
ing onto the SLB [127]. Later on, when replacing the SUVs with cell-sized GUVs, they
demonstrated that (multi-storey) bilayer patches could be formed through the controllable
adhesion and rupture of GUVs onto SLBs [128, 129]. In addition, by using DNA linkers
of different lengths, and thus evoking the minimisation of membrane bending energy, the
occurrence of lateral phase separation could be triggered [130]. Such a phenomenon is
reminiscent of the size-induced phase separation observed between receptors involved in
immune synapses [109, 131, 114, 115].

Indeed, interacting GUV-SLB set-ups have been subsequently adopted to shed light on
the statistical mechanical phenomenology of multivalent interactions between fluid mem-
branes, thus paving the route to the rational design of artificial-cell adhesion and deepening
our understanding of analogous biological processes. For instance, DNA-decorated GUVs
and SLBs have allowed to map the temperature-dependent probability of inter-membrane
bond formation, quantify the associated membrane tension, and describe models for their
adhesion free energy [132]. In turn, replacing the sticky-ends on DNA linkers with biotin
molecules enabled the use of streptavidin as an analyte to probe the coupled role of ligand
valency and ligand concentrations on multivalent interactions [121], setting the foundations
for bio-analytical and sensing platforms reliant on morphological changes.

Multivalent DNA-mediated interactions can also be extended to guide the self-assembly
of free-standing LUVs, where design and environmental parameters can be rationally tuned
to regulate the aggregation of LUVs as induced by DNA linkers. Indeed, such a response has
been shown to be modulated with changes in surface coverage, ionic strength, temperature,
and membrane charge [133, 134]. The self-assembly between LUVs has been expanded to re-
spond to cues beyond base pairing by harnessing photo-active azobenzene motifs to tether the
DNA linkers to the membranes [135], thus achieving light-controlled LUV aggregation and
disassembly. Moreover, quantitative insight into the phase behaviour of DNA-functionalised
LUVs has also been provided [136], disentangling the effect of DNA-linker density on self-
assembled phases, which demonstrated that no aggregation occurs below a critical surface
coverage owing to the competition between intra-LUV loops and inter-LUV bridges [136].
This emergent phenomenon is enhanced by the lateral diffusivity of membrane-tethered
linkers, which translates into an entropic advantage of loop over bridge formation, and could
be rationally harnessed for the design of multivalent schemes for targeted drug delivery or
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Fig. 1.12 DNA-mediated membrane adhesion enables the formation of biomimetic tissue-like
materials. GUVs, decorated with DNA linkers, assemble into tissue-like materials via membrane
adhesion sustained through sequence-specific interactions between sticky-ends. Temperature mod-
ulation leads to morphological changes underpinned by a negative thermal expansion coefficient.
Micrographs are presented in false-colour to highlight the trend with increasing temperature. Scale
bar = 20 µm. Adapted with permission from [120].

artificial cell adhesion [118].

DNA-mediated multivalent interactions between cell-size GUVs have also been adopted
to induce adhesion and subsequent self-assembly into synthetic tissue-like materials [120].
The artificial tissues displayed an unusual thermal response, contracting upon heating and
swelling on cooling. The unexpected negative thermal expansion coefficient is a consequence
of changes in the extension of the GUV-GUV contact regions, and thus of the interstices
present within the tissue (Figure. 1.12). In addition, DNA linkers have been applied to induce
adhesion of cell-sized compartments whose membranes have a tendency to phase-separate. In
this case, DNA constructs decorated the surface of de-mixed GUVs displaying Lo-Ld phase
co-existence with Janus-like morphologies. Thus, by tuning and exploiting the enrichment of
cholesterol-modified DNA nanostructures to the Lo phase [137], adhesion between vesicles
was achieved mostly through Lo-Lo contact regions, leading to size-limited clustering and
providing yet another route to control the specific assembly of artificial cells into tissue-like
materials [119]. Such synthetic tissues [119, 120] pave the way for the construction of bio-
compatible filtering devices and scaffolding platforms applicable in regenerative medicine.

On top of providing fine control over the static properties of self-assembling synthetic
cellular networks, multivalent DNA-mediated interactions also enable programming their ad-
hesion kinetics. While the diffusion of liposomes and bilayer-anchored species are prescribed
by the size, phase, and composition of the vesicles, the kinetics of DNA-DNA interactions
can be engineered using well-established strand displacement mechanisms [93, 92]. This has
enabled to fine-tune the isothermal self-assembly of DNA-bearing liposomes into networks
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by exploiting toehold-mediated exchange [138], achieving assembly kinetics that could be
tuned over orders of magnitude by controlling the relative abundance of interacting DNA
receptors. The ability to prescribe the onset timescales of vesicle-vesicle adhesion could
become central for applications where precise control is required over the time-dependent
mechanical properties of artificial tissues.

Besides temporal control, multivalent DNA-mediated interactions can also be harnessed
to program spatially heterogeneous self-assembly phenomena, where toehold-mediated
exchange between DNA linkers decorating bilayer-coated silica beads has enabled the emer-
gence of self-limiting colloidal self-assembly as triggered by a functional interface. [125, 139].
The latter phenomenon is reminiscent of several instances of biological self-assembly, where
the occurrence and features of macro-molecular aggregates are finely regulated by their
interactions with nearby interfaces. Aside from spatially-coordinated colloidal self-assembly,
this approach also provides a means of signal amplification in which the formation of large
colloidal aggregates could report on the presence of biological analytes and biomarkers.

Transport, membrane sculpting, and biosensing with DNA nanostructures

The functionalities of cell-membrane machinery go well beyond controlled adhesion, as
proteo-lipid interfaces are known to sustain and mediate key responses such as sensing,
communication, transport and morphological adaptation. Building onto the solutions de-
veloped for the "simple" sticky constructs discussed in the previous section, the functional
versatility of amphiphilic DNA nanotechnology has been exploited to replicate some of these
capabilities in synthetic cellular systems.

One of the prime functionalities of biological membranes is their ability to import and
export ions and molecules with protein transporters, thus allowing cells to create and relax
chemical gradients [25]. Harnessing the tools of amphiphilic DNA nanotechnology, DNA-
based devices have been designed to mimic the action of ion-transporting channels. Indeed,
by rationally positioning hydrophobic anchors, membrane-spanning DNA architectures have
been realised, ranging from simple DNA duplexes [142, 143] to DNA origami architectures
with sizes comparable to those of porins [144, 145] and nuclear pore complexes [146]. Sim-
ilar design principles have been applied to mediate the exchange of lipids across leaflets,
thus creating synthetic DNA-based replicas of scramblases [140] (Figure 1.13a) with pro-
grammable rates of activity [147].

Moreover, other dedicated biological cellular machinery can mediate the internalisation
and externalisation of matter through concerted interactions between membrane-bound ar-
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Fig. 1.13 Membrane functionalisation with DNA nano-devices replicates the action of biological
proteins. a. All-atom molecular dynamic simulations demonstrating lipid scrambling as facilitated
by a synthetic DNA nanostructure that spans the lipid bilayer. Adapted with permission from [140].
b. DNA architectures with prescribed curvature can re-model lipid membranes upon attachment,
emulating the sculpting activity of BAR proteins in biological cells. [141].

chitectures, such as those involved in endo/exocytosis [26, 148]. Crucial to the emergence
of these pathways is their ability to re-model membranes by inducing changes in curvature
required for budding endo/exosomes. In turn, artificial cellular membranes have also been
decorated with DNA nanostructures so as to replicate these re-modeling functionalities. On
the one hand, both DNA junctions [149] and DNA origami [150] have been exploited to
engineer bio-inspired DNA triskelia able to polymerise and modify membrane morphology
of cell-sized GUVs, akin to naturally-occurring clathrin proteins. On the other hand, as
shown in Figure 1.13b, origami-based architectures have been demonstrated to replicate
the activity of BAR proteins by inducing membrane deformations that could be tuned via
the prescribable degree of curvature of the DNA scaffolds [141]. Reversible membrane
scultping has also been achieved through the polymerisation of planar origami, as mediated
by charge screening and base stacking interactions [151], thus providing a number of handles
and design criteria to emulate morphology-modifying cell machinery. Further adding to this
arsenal of functionalities, DNA nanostructures featuring sticky-ends have also been applied
to biomimetic membranes in order to accomplish liposome fusion events analogous to those
mediated by SNARE proteins [152–154], hence enabling DNA-mediated synthetic secretory
pathways [155] as well as directed cargo delivery [154].

Cell membranes also host receptors capable of transducing chemical signals and linking
them to downstream signalling pathways. In some instances, such as for immunity-relevant
toll-like receptors [27], signalling is triggered by analyte-mediated dimerisation of receptors.
Taking inspiration from this mechanism, a membrane-hosted biosensing platform reliant on
target-induced DNA strand displacement (TIDSD) [156] has been implemented in synthetic
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cellular membranes [157]. In this case, similar to the binding-induced DNA strand displace-
ment pathway described in Section 1.4.3, the target analyte co-localises an invader DNA
construct with a substrate-incumbent dimer, catalysing a strand displacement reaction akin to
what happens for conventional toehold-mediated strand displacement [95]. Besides demon-
strating that their membrane-hosted TIDSD displayed a 2-fold increase in response rate when
compared to analogous circuitry freely diffusing in bulk, this implementation showed that
the membrane scaffold helps reducing false positive signals, or leakage, a highly-coveted
feature that could unlock their applicability in biosensing technologies.

There is a growing body of work that demonstrates the potential of amphiphilic DNA
nanostructures for biomimicry, thus providing well-defined guiding principles to interface
them with lipid bilayers. DNA devices hold great promise to prescribe the (local) molecular
make-up and functionality of biomimetic interfaces, a potential that is incredibly augmented
when coupled to the rich and programmable phase behaviour of model membranes. We
have only started to scratch the surface of the massive design space of amphiphilic DNA
nanostructures, which can be freely engineered with respect to their size, topology, chemical
identity of the hydrophobe, and their responses in membranes with de-mixing tendencies.
Altogether, such synergy paves the way to unlock ever-more intricate and sophisticated
functionalities that can help artificial cells realise their paradigm-shifting potential.





Objectives and structure of the thesis

Artificial cellular technologies are poised to revolutionise several research fields and indus-
tries. Synthetic cells have been shown to constitute an ideal platform to disentangle biological
processes in the absence of cellular complexity, and their applicability expands to sectors
like biomedicine, biosynthesis, and bioremediation. Most synthetic-cell implementations
are reliant on semi-permeable enclosures, often composed of passive lipid bilayers that
lack the functionalities typically facilitated by biological membranes. The development of
membrane-hosted functionalities is key to achieving the rich phenomenology displayed by
their biological counterparts, and a necessary stepping-stone for constructing artificial cells
with increasingly complex life-like behaviours.

DNA nanotechnology has become a prime route for the construction of cell-like objects
given the control that can be exerted over the structure and dynamics of DNA constructs.
Amphiphilic DNA nanostructures can be readily interfaced with synthetic lipid membranes,
and have been used to build and replicate the structure and function of several membrane
proteins, paving the way to engineering biomimetic pathways for synthetic cellular systems.

My Ph.D. focused on the development of functional DNA nanostructures able to replicate
the action of cell-surface machinery, aided by the tools of DNA nanotechnology and mem-
brane biophysics. Throughout this thesis, my work demonstrates that the advantages of DNA
architectures are augmented when coupled to lipid membrane phase behaviour, providing a
technology to precisely control the activity of DNA-based nano-devices in synthetic cellular
systems. By systematically investigating and deepening our understanding of how cations,
hydrophobic modifications on the nanostructures, and membrane phase behaviour influence
DNA-lipid interactions, I outline guiding principles and design criteria that enabled me to
emulate and modulate a number of key phenomena exhibited by biological membranes, span-
ning from membrane patterning and sculpting, cargo transport, and bilayer re-organisation,
thus controlling the local molecular make-up and functionality of biomimetic interfaces.
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Chapter 2 summarises the main experimental and simulation techniques used throughout
this work, alongside the dedicated software pipelines I developed for data analysis.

In Chapter 3, I investigate the interactions between cations, zwitterionic lipid membranes,
and DNA constructs. I found that divalent cations strongly interact with gel-phase membranes,
which enables DNA to bind through cation-mediated bridging [158]. DNA-membrane in-
teractions are shown to be regulated through several independent physico-chemical stimuli,
thus constituting a comprehensive platform to program DNA-lipid complexation.

Chapter 4 presents a systematic study on the lateral distribution of DNA nanostructures
anchored to de-mixed lipid bilayers. I show that the partitioning of DNA devices is modulated
by the chemical identity of the anchor motif as well as the size, and the topology of the nanos-
tructures. These guiding principles enabled to propose a DNA-based platform to regulate the
distribution and transport of cargoes across the surface of synthetic cellular membranes [159].

Chapter 5 expands on these design criteria to construct a DNA-based line-actant. These
architectures are shown to accumulate at the line-interface between co-existing Lo and Ld

phases. Exploiting their line-action, I show that the DNA nanostructures can sculpt stable
lipid domains, and thus achieve two-dimensional microemulsions on artificial-cell mem-
branes.

Lipid phase behaviour and their interactions with nucleic acids are also relevant for origin
of life studies, were model "proto-cells" are investigated to explore pathways for life to
emerge and evolve. In Chapter 6 I explored the role fatty-acid phase transitions could have
played in the emergence of proto-cellular systems, and found that temperature-induced pH
fluctuations mediate membrane assembly and disassembly in model proto-cells. This refined
understanding led to the proposal of a content reshuffling pathway [160], where daughter
proto-cells emerge with enhanced functionalities upon thermal cycling.

Finally, Chapter 7, summarises the research output of this thesis, highlighting the poten-
tial that DNA nanotechnology holds for artificial cell bio-engineering as well as outlining the
outlook and future research directions I foresee in view of my findings.



Chapter 2

Materials, Methods, and Software

This chapter summarises the materials, methods, and data analysis platforms used and devel-
oped throughout this Ph.D. for interfacing various aspects of experimental DNA nanotech-
nology to membrane biophysics, encompassing the design, production and characterisation
of DNA nanostructures and synthetic membranes alike.

2.1 Synthesis of biomimetic free-standing membranes

2.1.1 Electroformation of Giant Unilamellar Vesicles

Giant Unilamellar Vesicles (GUVs) were electroformed [161, 162, 51] in a 300 mM su-
crose solution in MilliQ water, using lipid mixtures containing 1,2-dioleoyl-sn-glycero-3-
phosphocholine [DOPC] (Avanti Polar Lipids; chain melting temperature -17◦C), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine [POPC] (Avanti Polar Lipids; chain melting tempera-
ture -2◦C) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine [DPPC] (Avanti Polar Lipids; chain
melting temperature 41◦C), cholestanol [Chol] (Sigma-Aldrich) and cardiolipin (Sigma-
Aldrich) in relevant molar ratios.

Chapter 3 presents some results acquired with GUVs, whose membranes featured ei-
ther DPPC, DPPC/Chol, POPC, or POPC/Chol at various molar ratios to access gel, liquid
ordered, or liquid disordered phases. In these cases, bilayers were doped with NBD-PC
lipids (Avanti Polar Lipids) for fluorescence detection at 0.5 % molar ratio. In turn, the data
collated in Chapters 4 and 5 were acquired with either ternary or quaternary GUVs having,
respectively, compositions of DOPC:DPPC:Chol = 4:4:2, and DOPC:DPPC:Chol:Cardiolipin
= 2.75:3.75:2.5:1. Here, lipid mixtures were doped at 0.8% molar ratio with fluorescent lipid
TexasRed-DHPE (Invitrogen), which preferentially co-localises in the Ld phase.
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Fig. 2.1 Lipid spreading and chamber assembly for electroformation. a. The lipid
mixture (pink) is casted onto the surface of the conductive side of the ITO slide. Using a
clean glass coverslip at a ∼ 45◦ angle, the lipid volume is spread by repeatedly and gently
moving the coverslip sideways to create a lipid film over ∼ 85% of the surface area of the
slide. b. The lipid film is dessicated under vacuum for 1 hour, and subsequently the ITO slides
are assembled into a chamber by coupling them with a ∼ 1 mm thick polydimethylsiloxane
(PDMS) spacer, enclosing a volume of degassed sucrose buffer.

Electroformation was performed using indium tin oxide (ITO) slides (Visiontek Systems
Ltd), which were cleaned with sonication cycles of isopropanol/milli Q water for 15 minutes
and dried under a gentle nitrogen flow. The slides were subsequently heated up to 60◦C on a
heating block, and 45 µL of lipid mixtures (4 mg· mL−1) were spread on the conducting side
using a clean glass coverslip, as shown schematically in Figure 2.1a. After resting for 1 hour
under vacuum in a dry silica dessicator, the slides were assembled into an electroformation
chamber by coupling them with a ∼ 1 mm thick polydimethylsiloxane (PDMS) spacer
enclosing approximately 300 µL of degassed sucrose buffer (Figure 2.1b).

The chambers were placed in a pre-heated oven at T > 60◦C, coupled to a frequency
generator with clamps, and subjected to a sinusoidal alternating current (AC) with voltage
peak-to-peak amplitude of 2V. The frequency was set to 10 Hz for a period of 2 hours and
then to 2 Hz for 1 hour. Finally, vesicles were retrieved and stored at room temperature in
the dark to prevent photo-bleaching and photo-oxidation.
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2.1.2 Large Unilamellar and Multilamellar Vesicles

Large Unilamellar Vesicles (LUVs) and Multilamellar vesicles (MLVs) were prepared for
certain measurements throughout this thesis. The data collated in Figure 3.3 (Chapter 3)
describing the apparent zeta-potential of zwitterionic membranes were recorded for DPPC
and POPC LUVs.

For this purpose, glass vials were cleaned by a sonication cycle of 15 minutes in a solution
of Hellmanax III (HellmaAnalytics) at 2%, 15 minutes in isopropanol, and 15 minutes in
milli-Q water. Relevant volumes of lipid mixtures were pipetted into the clean 1.5 mL glass
vials and placed in a dry silica desiccator plugged to a vacuum pump for 15 minutes, and
then stored under vacuum for an hour; the lipids were reconstituted in target buffer by gentle
vortexing for approximately 10 minutes. In the case of unilamellar vesicles, the resuspended
MLVs subsequently followed a 5-time-repeat cycle of freeze-thaw using liquid nitrogen and
a thermo-block heated up to 80◦C. Using an extrusion kit (Avanti Polar Lipids) assembled
with Whatman filters and membranes purchased from Fisher Scientific, the volume was
subsequently pushed through the set-up 31 times to improve monodispersity. Vesicles were
stored at room temperature in the dark to avoid photobleaching.

2.1.3 Preparation of fatty-acid vesicles

The results presented in Chapter 6 were obtained using either fatty-acid multilamellar vesicles
(microscopy, unless stated otherwise) or LUVs (spectrophotometry). Vesicles composed
of myristoleic acid or decanoic acid:decanol (2:1) were prepared via direct dispersion in
aqueous buffered solution of 0.2 M Tris-HCl,pH 8, unless stated otherwise. In samples
with fluorescent labels (e.g. 0.15 mol% LissRh-PE or NBD-PE [for microscopy] and 20 µM
Laurdan (for fluorescence measurements), a film of the lipid marker was prepared on clean
glass vial and the solvent was allowed to evaporate for > 12 hours. Subsequently, the lipid
films where rehydrated with fatty acids and buffered aqueous solutions. Alternatively, non-
fluorescent vesicles, prepared by direct suspension methods, were stained with the lipophilic
Nile Red dye prior to visualisation with epifluorescence microscopy. After resuspension,
samples were briefly vortexed and left under rotation for tumbling at room temperature for
∼ 30 minutes. In the case of absorbance measurements and when stated for microscopy,
vesicles were extruded using a 100 nm pore membrane (Whatman) and a Mini-Extruder
(Avanti Polar Lipids).

Where relevant, fluorescent material was encapsulated using 1 mM FITC-dextran (M.W.
4000 Da) or 10 µM of oligonucleotides comprising the fragments of the split minimal version
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of the Broccoli aptamer. In these cases, the cargoes were added to the buffered solution prior
to resuspension.

2.1.4 Purification of vesicles using size-exclusion chromatography

Vesicles with encapsulated content were purified by Dr. Claudia Bonfio using size-exclusion
chromatography. To that end, vesicles were loaded onto a size-exclusion column (Sepharose
4B, 6 mL) to remove unencapsulated material with 0.2 M Tris-HCl (pH 8) as the running
buffer. Elution fractions were collected in 96-well plates, and the elution profile was moni-
tored with fluorescence, allowing to identify and extract the fractions containing vesicles.
To evaluate encapsulation as facilitated by phase transitions, 10 µM of FITC-dextran or
oligonucleotides was added to vesicle solutions prior to thermal cycling. Finally, in the
case of the experiments assessing the reconstitution of the split Broccoli aptamer, DFHBI
(stock solution: 20 mg/mL in DMSO) containing KCl was added to each well to a final
concentration of 2 µM DFHBI and 100 mM KCl. Plates were left at 25◦C for ∼ 2 hours to
allow for DFHBI equilibration across fatty-acid membranes. Fluorescence was then recorded
between 475 and 575 nm (λexc = 447 nm).

2.1.5 Quantification of Lipid Concentration in Electroformed Vesicles
via an enzymatic assay

Vesicle samples were subjected to a phosphatidylcholine (PC) enzymatic assay (Sigma
Aaldrich), following the manufacturer’s technical bulletin, in order to determine PC lipid
concentration. Subsequently, lipid concentration values were used to compute the DNA/lipid
molar ratio, as in Chapter 4 (Figure 4.9), and estimate the membrane coverage density for
results in Chapter 5 (Figure 5.9).

Table 2.1 PC Assay Master Mix Preparation.

Master Mix
Reagent Volume
PC Assay Buffer 44 µL
PC Hydrolysis Enzyme 2 µL
PC Development Mix 2 µL
Fluorescent Peroxidase Substrate 2 µL

Vesicles were diluted 1:10 to a final volume of 50 µL with PC Assay Buffer. In par-
allel, a 50 µL master reaction mix was prepared containing assay buffer, PC hydrolysis
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Fig. 2.2 Representative standard calibration curve for PC enzymatic assay. Absorbance
values recorded at λ = 570 nm for standard phosphatidylcholine (PC) samples of known
concentration prepared via serial dilution from a PC Standard Solution supplied by the
manufacturer. Dashed line marks the best linear fit used to estimate the concentration of
vesicle samples.

enzyme, a development mix, and fluorescent peroxidase substrate as indicated in Table 2.1.
Finally, sample and reaction mixes were combined in wells of 96-well plates for quantitative
measurements.

PC concentration was determined with colorimetric measurements in which absorbance
at 570 nm (Aλ=570nm) was recorded using a FLUOstar Omega plate reader. After incubation
for ∼ 30 minutes, Aλ=570nm was recorded every minute for an hour. The values were
averaged for subsequent calculations. Importantly, samples were blanked against absorbance
measurements of vesicle samples prepared as described above in a 50 µL reaction mix lacking
the enzyme in order to remove the background value of PC.

The concentration of PC in vesicle samples was estimated using a calibration curve,
illustrated with a representative example in Figure 2.2. Calibration curves were acquired
from measurements run on standard samples of PC prepared via serial dilution of a PC
Standard Solution (50 mM) provided by the manufacturer.
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2.2 Manufacturing and characterisation of DNA nanostruc-
tures

2.2.1 Design and manipulation of DNA oligonucleotides

All DNA nanostructures were designed aided by the nucleic-acid suite NUPACK [163]. DNA
oligonucleotides were purchased lyophilised from either Integrated DNA Technologies (IDT),
Eurogentec, or Biomers. Strands were purified by the supplier using high-performance liquid
chromatography (HPLC), and resuspended in 1× TE buffer (10mM Tris + 1mM EDTA, pH
8.0) as per the manufacturer’s Data Sheets to a concentration of 100 µM. Final concentrations
were confirmed using UV-Visible spectrophotometry on a Thermo Scientific Nanodrop 2000.
Measured values for concentrations were subsequently used for further calculations. DNA
strands sequences and modifications can be found in Appendix A.

2.2.2 DNA nanostructure self-assembly

The assembly of constructs used throughout Chapters 3 and 4 was achieved by mixing
relevant strands in a stoichiometric ratio to a final concentration of 2 µM in 1× TE + 100 mM
NaCl buffer. DNA nanostructures self-assembled by subjecting them to a slow quenching
temperature ramp on a TC-512 thermal cycler starting at 95◦C with a rate of 0.5◦C ·min−1

down to 4◦C. Self-assembled constructs were stored at 4◦C.

2.2.3 Production of DNA origami plates

DNA origami architectures were prepared and interfaced with biomimetic lipid bilayers to
achieve membrane patterning and sculpting, as demonstrated in Chapter 5. Here, a version
of the Rothemund Rectangular Origami [70] was prepared using a 7249-bp single-stranded
circular viral template (M13mp18, tilibit nanosystems) as scaffold.

Membrane attachment was achieved by modifying the origami plates with the Picasso
software [164], which allowed to precisely engineer the spatial location of membrane-
anchoring points. For this purpose, the sequence of specific staples was extended on their 3’
end to include docking domains that would project outwards on a single face of the planar
origami. In turn, these could hybridise to sticky-end overhangs of DNA-based modules
previously anchored to lipid membranes. On the opposite face of the origami, 5’ end
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extensions were incorporated in eight DNA staples to include a domain capable of binding a
fluorescent strand that enabled confocal imaging.

Self-assembly

Origami plates self-assembled by undergoing a temperature quenching ramp in a total volume
of 100 µL containing scaffold (10 nM) as well as core and modified stapling oligonucleotides,
in the presence of a folding buffer composed of 1× TE + 12.5 mM MgCl2. Staples capable
of membrane attachment were included at 100× excess, while core staples as well as those
part of the fluorescent beacon were present at a 10× excess.

Thermal annealing was performed in a TC-512 thermal cycler. Samples were incubated at
80◦C for 5 minutes to promote denaturing and eliminate secondary structures. Subsequently,
the temperature was decreased to 60◦C, and later on to 40◦C with a rate of 0.3125◦C ·min−1.
Finally, the temperature was brought down to 20◦C.

Purification

Self-assembled rectangular DNA origami plates underwent 3 cycles of PEG-induced pre-
cipitation [165] to remove excess staples. To that end, DNA origami samples were brought
to a volume of 250 µL with folding buffer (1× TE + 12.5 mM MgCl2) and mixed 1:1 to a
final volume of 500 µL with a solution containing 8000 Da polyethylene glycol (PEG8000,
Sigma-Aldrich) at 15% (w/v) in 1× TE + 505 mM NaCl. After mixing via tube inversion, the
solution was centrifuged (16,000g) at room temperature for 25 minutes. The supernatant was
discarded, the pellet was reconstituted in 250 µL folding buffer, and the solution incubated
at room temperature for at least 30 minutes before proceeding with the next precipitation
cycle. After 3 cycles, the origami pellet was reconstituted to a final concentration of 10 nM
and stored at room temperature in the dark to prevent photobleaching.

2.2.4 Agarose gel electrophoresis

Gels were prepared at 2% (weight) of agarose in Tris-Borate-EDTA (TBE, Sigma-Aldrich,
89 mM Tris-borate, 2 mM EDTA, pH 8.3) buffer. The mixture was dissolved via heating.
SYBR Safe DNA gel stain (Invitrogen) was added at 0.1% (volume) and gently dissolved
through swirling. The mixture was casted to a thickness of approximately 5 mm and allowed
to set for 1 hour. Subsequently, the gel was placed in an electrophoresis chamber and covered
with TBE. 15 µL of samples containing 750 ng of DNA were loaded onto the gel along with
a DNA reference ladder (GeneRuler Ultra Low Range, Thermo Scientific). A potential of 75
V (3.75 V cm−1) was applied for 120 minutes. The gel was then imaged using a GelDoc-It



36 Materials, Methods, and Software

system containing a UV lamp for illumination.

2.2.5 UV-visible spectroscopy

Optical density at λ = 260nm (OD260) of DNA samples was measured using a Varian Cary
50 UV-Vis spectrophotometer. For this purpose, 700 µL of DNA samples were loaded into a
quarz cuvette. Subsequently, 200 µL of mineral oil were added on top to prevent evaporation.
The cuvette was sealed with a polytetrafluoroethalyne (PFTE) stopper and further secured
with parafilm. Absorbance values were recorded while undergoing a temperature ramp from
90◦C down to 10◦C at a rate of 0.1◦C ·min−1. The thermal profiles allowed to confirm the
stability of DNA nanostructures over relevant temperature ranges (e.g. Figure 3.10).

2.2.6 Atomic Force Microscopy

Atomic Force Microscopy (AFM) was used to determine the correct assembly of DNA
origami plates. After the temperature ramp, 10 µL of DNA origami samples at ∼ 1 nM
(1× TE + 12.5 mM MgCl2) were casted on top of a freshly cleaved mica sheet, which was
previously fixed onto a microscope slide and cleaved with sticky-tape. The sample was
incubated for 10 minutes before two cycles of washing. These consisted of adding 300 µL
of ultrapure water on top of the mica sheet, followed by drying under a gentle nitrogen
flow for 3 minutes. Micrographs were acquired using a MFP-3D Infinity AFM (Asylum
Research) in Dry Tapping Mode. AFM silicon probes (BudgetSensors) bearing an aluminum
reflex coating had a nominal frequency of ∼ 300 kHz and a stiffness of 40 N · m −1. Data
processing was performed with Gwyddion [166] by levelling the data and applying mean
plane subtraction and row alignment.

2.3 Preparation and characterisation of DNA-functionalised
biomimetic membranes

2.3.1 Coating gel-phase membranes with DNA probes

Gel and fluid-phase membranes were incubated with DNA nanostructures to disentangle the
role of cations in modulating DNA-lipid interactions, as described in Chapter 3. Here, 5 µL
of GUVs were mixed with DNA constructs (5 µL) in 40 µL of experimental buffer. This
combination resulted in an mixture containing, unless otherwise stated, 10 mM Tris + 1 mM
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MgCl2 + 1187 mM Glucose, iso-osmolar with the buffer enclosed by the vesicles (1000 mM
sorbitol + 200 mM sucrose). The DNA-vesicle samples were incubated at room temperature
in the dark to avoid photobleaching for at least ∼ 2 hours.

In the case of the measurements for modulating the degree of coating with ionic mixtures
at different compositions (Figure 3.10), the vesicles were incubated with DNA nanostructres
in buffers containing 10 mM Tris + 100 mM NaCl + 990 mM Glucose for 2 hours and subse-
quently supplemented, prior to imaging, with buffers containing either MgCl2 or CaCl2 at
increasing concentrations.

2.3.2 Membrane functionalisation with amphiphilic DNA nanostruc-
tures

Biomimetic lipid membranes were functionalised with amphiphilic DNA nanostructures in
various instances throughout this Ph.D.

In the case of measurements performed to characterise and regulate the partitioning of
DNA devices, collated in Chapter 4, DNA constructs (16.7 µL) were mixed with 9.2 µL
of GUVs in 57.4 µL of a correcting buffer. The latter resulted in an iso-osmolar mixture
containing 1× TE + 100 mM NaCl + 87 mM Glucose to a final DNA/lipid molar ratio of
∼ 4×10−4 (unless stated otherwise). The mixture was incubated under rotation overnight
and subsequently stored at room temperature in the dark to avoid photobleaching. For
measurements on the responsive nanodevice (Figure 4.12), fuel/antifuel strands were added
sequentially in iso-osmolar buffers (as above) at 5, 10, 15, and 20× excess with respect to
the anchoring modules and the fluorescent cargo.

Similarly, for interfacing DNA origami architectures (Chapter 5) with GUVs, membrane
functionalisation followed a two-step process. Firstly, anchoring modules were incubated
overnight with vesicles in a mixture prepared as described above (16.7 µL [DNA] + 9.2 µL
[GUVs] + 57.4 µL [correcting buffer]). Purified DNA origami tiles were heated up to ∼
40◦C for 10 minutes, followed by gentle vortexing to destabilise aggregates, and 8.35 µL
were mixed with a second correction buffer (10 µL). The mixture was gently added to the
GUVs decorated with anchoring modules, resulting in an iso-osmolar solution (1× TE +
99.2 mM NaCl + 0.8 mM MgCl2 + 86.2 mM Glucose) that was left under rotation for at least
3 hours to allow for origami hybridisation to the anchor modules. While various DNA/lipid
ratios – and thus surface densities – were probed, the volumes were kept constant. In all
cases, the nominal anchor concentration was in ∼ 1.5 excess of the origami binding capacity.



38 Materials, Methods, and Software

Finally, the GUVs were placed in silicone wells for imaging, and allowed to sink for at least
∼ 15 minutes before imaging.

2.3.3 Optical microscopy of vesicles

Sample preparation

Glass slides, cleaned with 15 minute sonication cycles (Hellmanax III 2%/isopropanol/MilliQ
water) were covered with a solution containing bovine serum albumin (BSA) at 0.1% (w/v)
and placed in a pre-heated oven (T > 60◦C) for an hour to allow for passivation. After
thoroughly rinsing with milliQ water to remove excess BSA and dried, silicone incubation
chambers (Sigma-Aldrich) were stuck to them and sealed with DNAse-free tape to prevent
evaporation. For imaging, GUVs were carefully pipetted into the chambers and allowed to
sink for at least 10 minutes before acquisition.

Confocal microscopy

Micrographs were recorded at 1400 Hz and averaging over 10 frames using a Leica TCS SP5
confocal microscope equipped with an HC PL APO CORR CS 40× / 0.85 dry objective from
Leica. TexasRed (excitation maximum - 596 nm; emission maximum - 615 nm) was tracked
using a He-Ne laser (594 nm) for excitation, and Alexa488/fluorescein (excitation maximum
- 495 nm; emission maximum - 520 nm) signal was excited using an Ar-ion laser (488 nm).

Epifluorescence microscopy

Imaging was performed at 10 frames per second using a home-built Nikon Eclipse Ti-E
inverted microscope equipped with a 40× objective lens from Nikon (Plan APO λ , NA 0.95)
and a Grasshopper3 GS3-U3-23S6M camera from Point Gray Research. Illumination in this
set-up was provided by single-colour light emitting diodes (LEDs) through a filter set for
Texas Red or Green Fluorescent Protein (GFP).

Temperature-controlled microscopy of vesicles

Borosilicate glass capillaries (with internal section of 2 mm × 0.2 mm, from CM Scientific)
were cleaned with 15 minute sonication cycles in Hellmanax III (HellmaAnalytics) at 2%,
isopropanol, and MilliQ water. Once dried, one end of the capillary was filled with optical
adhesive (81, Norland) to about ∼10% of its capacity, as shown in Figure 2.3a. The glue
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Fig. 2.3 Schematic of sample preparation for temperature-controlled microscopy.
Clean glass capillaries are sealed on one end with optical glue. After passivation with
BSA (for GUV samples), the sample is gently pipetted into the capillary so to fill up to ∼
90% of its volume. The capillary is then filled with mineral oil in order to prevent the sample
from coming into contact with the epoxy glue, which is subsequently used to fix the capillary
to a glass coverslip.

was cured with a 5-minute exposure to a UV source (λ = 365 nm). The capillaries were
later loaded with bovine serum albumin (BSA) 0.1% solution, and incubated in a pre-heated
oven at 60◦C for one hour to allow passivation of the surface. Capillaries were subsequently
cleaned by filling them with MilliQ water, and forcing water out (3×) to remove the excess
of BSA.

Passivated capillaries were loaded with ≈ 15 µL of GUV sample to up to ∼ 90% of
their capacity, and mineral oil (∼ 2 µL) was used to fill the capillaries (Figure 2.3b). Full
capillaries were then stuck onto a glass coverslip using two-component epoxy resin and
hardener on both ends, as depicted schematically in Figure 2.3c, which was left to dry for at
least ∼30 minutes.

For imaging, the capillaries were fixed with aluminum tape onto a copper plate connected
to a Peltier element. The latter, aided by a thermocouple fixed to the surface of the capillary,
allowed for temperature changes.

Measurements carried out to modulate DNA adhesive interactions with gel-phased mem-
branes with temperature changes, presented in Chapter 3, were acquired with confocal
microscopy (Section 2.3.3). On the other hand, temperature ramps were performed to exploit
the phase behaviour of fatty acid proto-cellular systems and facilitate a content reshuffling
pathway described in Chapter 6. Samples undergoing these ramps were imaged via epifluo-
rescence microscopy (Section 2.3.3) using a custom script that allowed precise manipulation
of the instrument in terms of time, temperature, and illumination.
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2.3.4 Fluorescence Recovery After Photobleaching of GUVs

Background

Fluorescence Recovery After Photobleaching (FRAP) is a technique reliant on laser-scanning
microscopy that enables the identification of diffusive components in fluorescent samples. It
thus provides a means to determine the lateral diffusivity of lipids in bilayers, and also gives
insight on the changes of lateral mobility upon gel-to-fluid phase transitions. Briefly, a region
of interest is purposefully bleached, and its fluorescence intensity profile is subsequently
monitored so to follow its recovery enabled by the exchange of bleached fluorophores with
healthy probes due to lateral diffusion. The normalised fluorescent profile can be fit with

I(t) = A
[

1− exp
(
−t
τ

)]
+B, (2.1)

where A is the baseline normalised intensity pre-bleaching, and B is the intensity achieved
after recovery. τ is a characteristic recovery time constant, which can be used to compute the
half-time recovery time as

t1/2 = τln(2), (2.2)

Finally, the lateral diffusion coefficient D can be approximated with

D =
0.88r2

4t1/2
, (2.3)

where r is the radius of the region of interest [167, 168].

Measurements

FRAP was performed by Dr. Diana Morzy on DPPC GUVs both below and above the lipid
melting temperature (Tm = 41◦C). A circular region of interest (∅= 4.4 µm) was imaged for
10 frames and subsequently bleached using 99% laser power for 0.5 seconds. Fluorescence
recovery was then monitored by collecting 50 – 100 frames.

2.3.5 Dynamic light scattering and zeta-potential

Background

Dynamic light scattering allows to measure the hydrodynamic size (Dh) of Brownian particles
dispersed in solution [169]. In short, a sample of colloidal particles is illuminated with a
light source of known wavelength (λ ). The particles will scatter light, whose pattern will
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be monitored with a detector positioned at a fixed angle (θ ) from the sample. Owing to
the Brownian diffusion of particles, the scattering pattern will change constantly given
the variations in distance between particles. These changes can be quantified through the
normalised intensity autocorrelation function

G(τ) =
⟨I(t)I(t + τ)⟩

⟨I(t)2⟩
, (2.4)

where I(t) is the intensity of scattered light at a time t and I(t + τ) is that collected after
a delay time τ .

Monodisperse Brownian samples produce autocorrelation curves with the form of

G(τ) = A [1+Bexp(−2Γτ)] (2.5)

In Eq. 2.5, A is the baseline of the autocorrelation function while B is the intercept.
Conversely, Γ refers to a characteristic decay time, which can be decomposed as

Γ = Dq2 (2.6)

where D is the hydrodynamic diffusion coefficient. The scattering wave vector q takes
the form of

q =
4π

λ
sinθ (2.7)

From Eq. 2.6, D can be extracted and related to the hydrodynamic diameter (Dh), which
represents the diameter of a hard sphere that has the same translational diffusion coefficient
(D) as the particles in the sample. Thus, Dh can be computed using the Stokes-Einstein
equation

Dh =
kBT

3πηD
(2.8)

where η is the viscosity of the dispersant and kB is the Boltzmann constant.

Similar principles can be applied to monitor particle phoresis, such as that sustained by
charged colloids under an applied electric field. Indeed, electrophoretic light scattering (ELS)
enables measuring scattered light from a sample to extract a magnitude for particle velocity
(V ) [169]. In turn, the electrophoretic mobility can be computed as

µe =
V
E

(2.9)
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where E is the strength of the electric field. Assuming that the electric double layer is
much smaller than the radius of the particles, one can estimate the ζ -potential using

µe =
εrε0ζ

η
(2.10)

where εr is the relative permittivity and ε0 is that of vacuum. The ζ -potential refers to
the surface charge of the particle at the slipping plane, which is the interface between the
bulk and the electric double layer of the particles of interest.

Measurements

The measurements were performed on a Zetasizer Nano ZSP (Malvern Panalytical) with
an excitation wavelength of λ = 633 nm and a scattering angle fixed at 173◦. The apparent
ζ -potential was collected using a DTS1070 cell, with [DNA] = 0.1 µM, [Mg2+] = 1 mM,
10× diluted LUVs in 800 µL of degassed 200 mM sucrose solution. 3 measurements, which
themselves consisted of 12 runs, were taken for each condition.

2.3.6 Differential Scanning Calorimetry

Background

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that monitors the
heat flow on a sample against that of a reference when subjected to a thermal program. In
particular, it is a standard characterisation technique capable of identifying phase transitions
in lipid membranes. The temperature of a sample will be raised by supplying heat. In view
of the fact that an amount of heat equal to that of the latent heat needs to be supplied for
the phase transition to proceed at the lipid melting temperature, heat-flow thermograms will
reflect a peak centred around Tt. Thus, DSC provides a quantitative measure of Tt of vesicles
undergoing gel-to-fluid phase transitions, as shown in Chapter 3.

Measurements

Differential Scanning Calorimetry was performed on extruded lipid vesicles using standard
aluminum DSC pans in a PerkinElmer DSC 4000 instrument. Samples were heated from
20◦C to 60◦C at 1◦C · min −1, equilibrated at 60◦C for two minutes, and then cooled down
to 20◦C at the same rate. Throughout the ramp, heat flow (mW) was recorded for vesicles in
the presence of dsDNA and Mg2+ ions.
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2.3.7 Molecular Dynamics Simulations

General simulation protocols

All MD simulations were performed by Dr. Himanshu Joshi with the program NAMD [170]
using a 2 fs integration time step, 2-2-6 multiple time stepping, periodic boundary condi-
tions, and particle mesh Ewald (PME) method over a 1-Å resolution grid to calculate the
long-range electrostatic interaction [171]. The Nose-Hoover Langevin piston [172] and
Langevin thermostat were used to maintain the constant pressure and temperature in the
system. An 8-10-12 Å cutoff scheme was used to calculate van der Waals and short-range
electrostatic forces. SETTLE algorithm [173] was applied to keep water molecules rigid
whereas RATTLE algorithm [174] constrained all other covalent bonds involving hydrogen
atoms. CHARMM36 force field parameters described the bonded and non-bonded interac-
tions among the atoms of DNA [175], lipid [176], water, and ions [177]. Magnesium ions
were modeled as magnesium hexahydrates (Mg[H2O]2+

6 ) [178]. Corrections to non-bonded
interactions were applied to improve description of ion-DNA [178], ion-ion, and DNA-lipid
interactions [179]. The coordinates of the system were saved every 20 ps. The visualisation,
analysis, and post-processing of the simulation trajectories were performed using VMD [180]
and CPPTRAJ [181].

Initial models of fluid and gel phase membranes

The initial configuration of the 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE)
lipid bilayer membrane containing 64 lipids in each leaflet was generated from the CHARMM-
GUI membrane builder [182]. A pre-equilibrated patch of 1,2-diphytanoyl-sn-glycero-3-
phosphoethanolamine (DPhPE) containing 64 lipids in each leaflet was obtained from a
previous study [140]. Both membranes were solvated with TIP3P water molecules [183].
Magnesium hexahydrate and chloride ions were placed randomly in the solvent at 300 mM
concentration. Fully assembled DPPE and DPhPE membrane systems contained 30,410
and 48,288 atoms, respectively. Each system was first subject to energy minimisation using
the conjugate gradient method, which removed steric clashes between the solute and the
solvent. The systems were then equilibrated without any restraints for several hundreds
of nanoseconds in a constant number of atoms (N), pressure (P = 1bar), and temperature
(T = 300K) ensemble. Anisotropic pressure coupling was used to maintain constant the ratio
of the dimensions of the membrane plane, allowing the dimension normal to the membrane
to adjust independently of the other dimensions. Following that, Mg[H2O]2+

6 ions located
approximately 30 Å away from the centre of the membrane were removed, producing two
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systems of approximately 100 mM MgCl2 concentration. Each system was then in equilibra-
tion for additional 0.5 µs.

PMF of single Mg2+ ion

To obtain the PMF of an Mg[H2O]2+
6 ion along the direction normal to the lipid bilayer

(z-axis), replica-exchange umbrella sampling simulations were performed [184] using the
colvar module [185] of NAMD. Starting from the state attained at the end of each 0.5 µs
equilibration, a short (3 ns) steered molecular dynamics (SMD) simulation was performed to
move one Mg[H2O]2+

6 ion along the z-axis from 40 to 10 Å, as measured from the centre
of the lipid bilayer. Each SMD trajectory was used to create 31 copies of each membrane
system differing by the z-coordinate of the Mg[H2O]2+

6 , one system for each 1 Å sampling
window along the z-axis. Each replica was simulated for 50 ns having the z-coordinate of
the Mg atom restrained to the centre of the sampling window with the spring constant of 2.5
kcal · mol−1· Å−2. During the simulation, the replicas were allowed to exchange the biasing
potential between the neighbouring windows with a probability given by the Metropolis
algorithm. Finally, WHAM [186] was used to subtract the contribution from the confining
harmonic potential and extract the PMF of the Mg[H2O]2+

6 ion along the axis normal to the
lipid bilayer membrane. To assess the affinity of Mg[H2O]2+

6 at minimal ionic concentration,
the PMF calculations were repeated using a set of simulation systems containing a single
Mg[H2O]2+

6 ion. The initial configuration of the 31 replicas (varying in the coordinate of
the ion along the z-axis from 40 to 10 Å) were obtained by removing all Mg[H2O]2+

6 and
chloride ions except one Mg[H2O]2+

6 and two chloride ions from the respective 100 mM of
MgCl2 replica systems. Each replica was simulated for approximately 67 ns while restraining
the z-coordinate of the Mg[H2O]2+

6 ion with respect to the centre of the membrane using
a force constant of 2.5 kcal · mol−1· Å−2. The first 5 ns of the simulation were excluded,
and WHAM was used to compute the PMF profile from the later part of the simulation
trajectories.

Spontaneous binding of dsDNA to lipid membrane

A 21 base pair fragment of dsDNA was built using the NAB module [187] of AMBERTOOLs.
The DNA fragment was made effectively infinite along its helical axis by linking the strands
to themselves across the periodic boundary (along the y-axis) of the systems. A 10 × 7.1 nm2

rectangular patch of either DPPE or DPhPE membrane was carved out from the equilibrated
systems, matching the system’s dimension along the y-axis to that of the DNA. The DNA
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model was combined with that of each membrane, placing the DNA 5 nm away (along the
z-axis) from the centre of the membrane. The number density, n, of ions adsorbed to a
membrane patch of area Asurface can be computed using the Langmuir isotherm model [188]:

n =
Cbulk

Asurface

∫ −→
dr exp(−βF(−→r )) (2.11)

Integrating the free energy profile of the Mg[H2O]2+
6 ions, F(−→r ), along the bilayer

normal over the adsorption region (15 to 25 Å), the model predicts 16 and 5 Mg[H2O]2+
6

ions adsorbed to the 10 × 7.1 nm2 patch of the DPPE and DPhPE membrane, respectively,
under 20 mM bulk concentration, Cbulk, of Mg2+. In the simulation setup, these Mg[H2O]2+

6
ions were uniformly distributed among the lipid head groups in each leaflet of the membrane
with their z-coordinate set to the minimum of the respective Mg[H2O]2+

6 PMF. These DNA–
membrane systems were then solvated with water; sodium and chloride ions were added to
neutralise the total charge of the system. The fully assembled systems (10 × 7.1 × 14 nm3)
contained 96,329 (DPPE) and 91,542 (DPhPE) atoms. After a brief energy minimisation, the
systems were equilibrated without any restraints for 1 µs at constant pressure (P = 1 bar) and
temperature (T = 300 K); all system’s dimensions were allowed to adjust independently to
maintain the target pressure.

PMF of dsDNA

Starting from the microscopic configurations reached after approximately 0.2 µs free equili-
bration of the respective dsDNA/lipid membrane systems, 41 copies of each system were
created using the frames from an 80-ns SMD simulation where the dsDNA’s centre of mass
was moved from 20 to 60 Å along the z-axis. In contrast to the free-equilibration simulations,
a separate colvars module (distance Z, spring constant 10 kcal · mol−1· Å−2) was used to
ensure the z-coordinates of the Mg[H2O]2+

6 ions remained at the minima (± 1 Å) of the
respective single ion Mg2+ PMF; the ions were free to move parallel to the plane of the
membrane (x-y plane). Replica exchange umbrella sampling simulations were performed
using the 1 Å sampling window for the DNA’s centre of mass z-coordinate which was
maintained in each window using a harmonic potential with the spring constant of 2.5 kcal ·
mol−1· Å−2. Each replica was run for approximately 190 ns. The PMFs were reconstructed
using WHAM [186]. To compute the PMF profile corresponding to 4 mM bulk concentra-
tion of MgCl2, all monovalent and divalent ions were removed from the system, except 21
Mg[H2O]2+

6 ions which were required for neutralising the charge of the DNA backbone.
Additionally, 3 and 1 Mg[H2O]2+

6 ions were kept on each leaflet of the DPPE and DPhPE
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membrane, respectively, in accordance with numbers prescribed by the Langmuir isotherm
model for 4 mM bulk concentration. The initial configurations of the system in 41 sampling
windows (varying in the centre of mass z coordinate of the DNA with respect to the centre
of the membrane along z-axis from 20 to 60 Å) were obtained from the respective 20 mM
replica systems. Each sampling window was simulated for 130 ns, and WHAM was used to
subtract the effect of the harmonic potential and obtain the PMF profile. The first 5 ns of the
simulation trajectories were excluded from the WHAM analysis.

2.4 Development of Software for Data Analysis

Interfacing DNA nanotechnology to membrane biophysics, mostly in the context of lipid
phase behaviour, inspired the development of data analysis platforms capable of quantitatively
assessing observables of interest.

2.4.1 Radial profiling and thresholding to quantify lateral distribution

Data Acquisition

For the experimental implementation described in Chapter 4, confocal micrographs of DNA-
functionalised GUVs were used to assess the partitioning tendency of the nanostructures to
programmably control their distribution and transport within biomimetic membranes. The
screening and acquisition process followed simple guiding criteria, where individual GUVs
were imaged when:

1. The vesicle was big enough such that Brownian motion was negligible within the
acquisition time (of under a minute).

2. The vesicle was small enough to fit in a 64.84 µm × 64.84 µm field of view (the
largest the confocal microscope [Section 2.3.3] can acquire at the fastest scanning rate
of 1400 Hz).

3. The vesicle was oriented with the plane separating the two quasi-hemispherical do-
mains roughly perpendicular to the imaging plane, which in turn results in a visible
sharp interface between the two phases at the equatorial section of the GUV (as
exemplified in Figure 2.4).

While criterion 3) is solely related to vesicle orientation, and thus has no impact on the
physics of lateral enrichment of nanostructures, the size cut-off introduced by criteria 1) and
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Fig. 2.4 Image analysis pipeline for measuring DNA-construct fluorescence intensity in
equatorial confocal micrographs. Equatorial confocal micrographs, acquired simultane-
ously for the lipid (TexasRed) and DNA (Alexa488 or fluorescein) channels, are used as
input for the custom-built analysis pipeline. a. A line connecting two concentric circles,
which enclose the membrane circumference within a ring, is projected radially using polar
coordinates from θ = 0 to 2π to acquire intensity profiles in steps of π/180. b. From indi-
vidual radial profiles the average intensity is extracted via numerical integration around a
width (w =±2 px) from the membrane peak, which is in turn determined with a Gaussian fit.
Scale bar = 10 µm.

2) could in principle bias the measured partitioning observable if it were to depend on GUV
size. The latter has been ruled out in Figure 4.5, where the partitioning tendency is presented
as a function of vesicle radius. The lack of correlation between the two variables indicates
that the natural polydispersity of electroformed GUVs does not influence the partitioning
behaviour of the nanostructures, which consequently confirms that the size-related criteria
for acquisition do not bias the results.

The emergence of wave-like patterns in the intensity profiles, such as the one observed
for the lipid channel in Figure 2.5, follows from an artefact related to confocal-microscopy
scanning. One could observe that in those regions where the membrane is aligned with the
scanning direction, the fluorescence intensity appeared higher compared to that detected on
membrane regions oriented perpendicular to scanning. The result is that, for a uniformly-
fluorescent GUV, an equatorial cross section would show two brighter regions on opposite
sides, separated by two dimmer regions. In other words, fluorescence intensity completes
two full oscillations around the circumference of a GUV’s cross section. This artefact has
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Fig. 2.5 User-assisted thresholding classifies lipid-phase intensities. Intensity values
extracted from the segmentation module outlined in Figure 2.4 are used to construct an
intensity profile around the circumference of the vesicle equatorial section for both fluorescent
channels, shown graphically in blue and red for DNA and lipid signals, respectively. The Lo
and Ld domains are determined via thresholding of the circumference profile acquired in the
lipid channel (TexasRed). Subsequently, the DNA fluorescent signal is averaged over the
angles identified as belonging to Lo and Ld to extract ILo and ILd , which are then is used to
calculate a fractional intensity in Lo (fp,Lo).

little or no impact on the measurements aimed at detecting the average fluorescence intensity
in quasi-hemispherical domains, owing to the fact that the detected intensity modulation
completes one full oscillation over the half-circle associated to each domain in the equatorial
cross section, and hence its effects average out. Additionally, the artefact appears mainly
(or uniquely) on the TexasRed lipid channel, which is used only for segmentation purposes,
rather than on the DNA channel used to evaluate partitioning. Nonetheless, to definitely
eliminate any possibility of bias, for instance related to the fact that the two domains may not
be perfect half-spheres, each vesicle was imaged twice, with a 90◦ difference in the scanning
direction (which can be freely rotated with the confocal instrument). The data from the two
orientations were then averaged.
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Data Processing and Analysis

The image analysis, as detailed in Figure 2.3, is based on the user-assisted segmentation
of the membrane radial intensities and their subsequent classification to either the Lo or Ld

phases. When performing image analysis, micrographs were only discarded when bright
lipid aggregates were present in the membrane due to imperfect electroformation, as they
would make it challenging for the software to distinguish the Lo from the Ld domains, and
bias the estimates of DNA nanostructure fluorescence.

Briefly, the custom-built MATLAB software loads each set of micrographs for the DNA
and Lipid channels, and processes the images with a Gaussian (blurring) filter to remove
noise and facilitate segmentation. Through a Graphical User Interface, rough positions for
the centre and radius of the vesicle are manually selected. These estimated values are then
used to enclose the membrane contour within a ring, as shown graphically in Figure 2.4a. The
software subsequently extracts 361 equally-spaced radial profiles within the defined ring and,
for each, locates the position of the membrane through a Gaussian fit (see Figure 2.4b). The
extracted membrane positions are then used to acquire, from the un-filtered (raw) images, the
average fluorescence intensity of the membrane through numerical integration around a width
w =±2 px from the fitted centre of the Gaussian. The average fluorescence intensity values
are later used to construct an intensity profile around the circumference of the equatorial
section of membrane, as exemplified in Figure 2.5, for both the signal acquired in the DNA
and Lipid channels. Afterwards, the Lipid profile (red in Figure 2.5) was used as a reference
to threshold and identify the angular coordinates of the dark domains (Lo), and thus classify
the DNA intensities to either of the Lo or Ld phases.

In some instances, where the partitioning of DNA nanostructures resulted in dark domains
with intensities close or similar to that of the background, the segmentation algorithm
described above and presented in Figure 2.4 was unable to accurately locate the radial
position of the membrane. This issue was particularly severe for sT constructs at the lowest
DNA/lipid molar ratios in Figure 4.9. This type of artefact, exemplified with a representative
micrograph in Figure 2.6a, required additional processing and an improved segmentation
algorithm to extract reliable partitioning metrics. The correct identification of membrane
locations was achieved by applying a circle fitting routine. For this purporse, the pipeline
considered a sub-set of the radial-profile points on the membranes initially identified by the
algorithm, namely those within ± 5% of the estimated average radius of the vesicles. These
points were fitted to a circle, which was then used as a better estimate of the membrane
location and onto which fluorescence intensity was evaluated, as shown in Figure 2.6b. This
algorithm allowed to correct for imperfect segmentation as required.
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a. b.

Fig. 2.6 Circle fitting routine to correct for imperfect segmentation of low-intensity
equatorial membrane domains. DNA nanostructure partitioning can result in dark (low
intensities) domains, in the order of the background noise. The latter leads to segmentation
imperfections when processed with the analysis module described in Figure. 2.4. a. Micro-
graph with the initially identified membrane positions (yellow), showcasing the deviation
due to noise. b. A second segmentation module processes a subset of the points identified in
panel (a), namely those that are within ±5% of the estimated radius of the vesicle. These
points, shown in panel panel (b), are subjected to a circle fitting routine, and the average
membrane intensity values are extracted at a distance equal to the radius of the circle (in red).
Scale bar = 10 µm.

Finally, the Lo and Ld-associated DNA intensities (ILo and ILd , respectively), extracted
from micrographs as detailed above, were used to calculate the fractional intensity fp,Lo =

ILo/(ILo + ILd), which I used as observable to describe the partitioning behaviour of DNA
nanostructures in the membrane. In that sense, the data from each pair of micrographs asso-
ciated to each vesicle (imaged with the 90◦ difference in scanning direction) were processed
independently and ultimately averaged to provide a single fp,Lo value describing each vesicle.

2.4.2 Quantifying line-accumulation through profile registration

Confocal equatorial micrographs were loaded on a slightly modified version of the custom-
built MATLAB segmentation pipelines described in Section 2.4.1. Specifically, the Graphical
User Interface collected three points along the membrane of the vesicle, defined by the user so
as to select rough coordinates for the two interfaces and one for the Ld phase. The points were
subsequently used to fit a circle to estimate the vesicle radius, from which two concentric
circles, similar to those in Figure 2.4, were positioned to enclose the membrane contour
within a ring. An intensity profile around the circumference was constructed, analogous
to those obtained with the pipeline in Section 2.4.1. Given the low intensities associated
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with the densities used to observe line-accumulation, the intensity profile was subsequently
fed into a second circle fitting routine to correct for imperfect segmentation, as done in
Figure 2.6.

From the user-defined estimated positions for the interfaces, segments of 6 µm were
extracted (i.e. ±3 µm from the estimated interface angular coordinates) for processing.
Firstly, the extracted profiles were arranged so that the data left to the interface would
correspond to the Ld phase. Subsequently, the intensity values were subjected to a Gaussian
fit to locate the position of the interface peak (x0). The extracted interface positions were
set to be x = 0 for registering, and the intensity profiles were re-sampled along a width of
±2 µm in steps of 0.05 µm. The interfacial profiles were finally averaged and normalised to
the mean intensity of the Ld phase. The latter was calculated by averaging the intensities of
the profile from d =−2 µm to d =−1 µm, where d is the distance from the interface. This
approach enabled to construct the curve in Figure 5.6.

2.4.3 Quantifying two-dimensional microemulsions as a proxy for line-
action through randomised frame analysis

To assess the line-action of DNA nanostructures in Chapter 5, DNA-decorated vesicles were
imaged after temperature quenching using epifluorescence microscopy (Section 2.3.3). Mi-
crographs of several fields of view were acquired for each sample for quantitative assessment.
Individual micrographs were analysed using a custom-built MATLAB script, which operates
in a user-assisted fashion.

Briefly, the script loads a frame selected at random from a set containing images for
all conditions (Figure 5.8) or all surface densities (Figure 5.9), thus blinding the data and
preventing human bias. The Graphical User Interface then asks the user to input values for:

• The total number of vesicles that are de-mixed (NDM).

• The number of vesicles that are homogenously mixed (NM).

• The number of vesicles with Janus morphology (i.e. with only two macroscopic
domains) (NJ).

• The number of vesicles with two-dimensional microemulsions (i.e. with more than
two macroscopic domains) (NME).

Once all frames have been allocated values for each of these conditions, the script
computes the fraction of vesicles featuring more than two stable domains (F) with
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F =
NME

NME +NJ +NM
, (2.12)

2.5 Ruling out sources of bias in the quantification of DNA
nanostructure partitioning

The presence of the fluorescent TexasRed label in membranes could in principle bias the
observable fp,Lo used to describe the lateral distribution of DNA nanostructures. This process
could emerge through cross-talk between the DNA and lipid channels, and via Förster
Resonance Energy Transfer (FRET) between the TexasRed fluorophore and the dye on the
DNA nanostructure. In order to rule out these potential sources of bias, I performed dedicated
experiments, discussed below, that confirm a negligible impact on fp,Lo .

2.5.1 Fluorescence cross-talk carries a negligible impact on partition-
ing observables

Cross-talk is expected to take place most prominently from shorter (Alexa488, green) to
longer (TexasRed, red) wavelength channels. However, the algorithm is able to identify
accurately the lipid phases in view of the strong partitioning of TexasRed-DHPE to the Ld

phase, and the lipid fluorescent signal is only used as a reference (i.e. this signal is not
used for any quantitative assessment). Conversely, the red-to-green cross-talk, while less
substantial, could bias the intensities extracted for Alexa488, thus impacting the resulting
fp,Lo .

The degree of red-to-green bleed should be proportional to the concentration of the
fluorescent dye, and thus to the fluorescence intensity in the lipid channel. Therefore, one
can correct for cross-talk by applying

ILx,corr = ILx −A× ILx,TXR, (2.13)

where ILx is the fluorescence intensity recorded in the DNA channel, ILx,TXR the one recorded
in the lipid channel, and ILx,corr the corrected DNA signal. The label Lx refers to the
fluorescence measured either in the Lo or Ld lipid phases.

The correction factor A was defined as the ratio between ILx and ILx,TXR, recorded in
TexasRed-labelled vesicles lacking DNA nanostructures using the same settings for data
acquisition. These measurements provided A = 0.03±0.005.

Applying Eq. 2.13 to fp,Lo results in
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Fig. 2.7 Lipid marker does not impact partitioning observables through channel cross-
talk. Fractional intensity in Lo (fp,Lo) of DNA nanostructures (bearing dC or sT), conveyed
by box-scatter plots, for two individual repeats (blue/grey, respectively) computed for ternary
GUV populations in the presence and absence of TexasRed. In the presence of the fluorescent
lipid, the data is also processed using Eq. 2.14 to correct for fluorescence cross-talk. In the
case of GUVs that lack fluorescent lipids, the thresholding to identify Lo and Ld domains
was done directly on the fluorescent traces extracted from the DNA signal. Results show
no difference in fp,Lo for GUVs with and without TexasRed. The dotted line indicates no
partitioning (fp,Lo = 0.5).

fp,Lo =
ILo −A× ILo,TXR

ILo −A× ILo,TXR + ILd −A× ILd,TXR
=

ILo

ILo + ILd

(
1−A×ILd,TXR/ILd
1−A×ILo,TXR/ILo

) , (2.14)

Indeed, the small magnitude of A leads to the correction in Eq. 2.14 having a small
contribution in fp,Lo , which is demonstrated in Figure 2.7 that shows the comparison of
corrected and non-corrected values for constructs bearing a single-tocopherol anchor (sT) or
a double-cholesterol (dC) anchor.

Importantly, the shift of the median in the distributions of anchors as a result of the
correction is small when compared to the statistical variability of fp,Lo . In fact, the correction
caused a substantial broadening of the distributions, particularly for the dC anchor, which
is likely associated to the additional stochastic uncertainties carried by ILd,TXR and ILo,TXR.
Therefore, in light of the negligible impact of the cross-talk correction and its detrimental
effect on the width of the distribution of the extracted fp,Lo values, I chose not to apply
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the correction to the data presented throughout Chapters 4 and 5, as further supported by
the directly comparing with the computed partitioning observables for vesicles lacking the
fluorescent lipid marker, summarised in Figure 2.7 and showing good agreement with the
uncorrected fp,Lo .

2.5.2 Ruling out FRET as a source of bias in quantifying partitioning

A similar approach can be undertaken to assess the potential impact of FRET occurring
between the DNA-bound Alexa488 (donor) and lipid-associated TexasRed (acceptor), with
efficiency φFRET,Lx . As such, the fluorescence intensity in the DNA channel can be corrected
with

ILx,corr =
ILx

1−φFRET,Lx

, (2.15)

which applied to fp,Lo leads to

fp,Lo,corr =
ILo

ILo + ILd

(
1−φFRET,Lo
1−φFRET,Ld

) , (2.16)

It is important to note that Eq. 4.2 shows that FRET would only impact the computed
fp,Lo if the efficiency in the two lipid phases were to be different, i.e. φFRET,Ld ̸= φFRET,Lo . To
that end, I collated the FRET efficiecies in Figure 2.8 as computed from φFRET,Lx = 1− ILx

INoTXR
Lx

from fluorescence intensities recorded on GUVs with and without the TexasRed (acceptor)
fluorescent marker. It is readily apparent that the estimates of φFRET,Lx carry relatively large
error bars, ascribable again to the statistical fluctuations of intensities within GUV populations
and the subsequent propagation of their uncertainties. In both dC and sT, φFRET,Ld ∼ φFRET,Lo ,
which suggests that the correction in Eq. 4.2 contributes negligibly to the extracted fp,Lo .
While aware of the limited interpretability of these results, it is interesting to note that
dC-bearing nanostructures show a small (close to zero) FRET efficiency as opposed to the
non-zero values computed for sT anchors. Such a behaviour may follow from the different
depths at which the anchors insert into the bilayer, leading to smaller or greater distances
between the lipid and DNA-bound dyes.

Similarly to the degree of bleed, I chose not to apply this correction to the data given the
negligible impact on fp,Lo values and the huge uncertainties associated with propagating the
large φFRET,Lx errors. Indeed, the negligible effect of FRET on the observable is demonstrated
by the control on GUVs lacking the fluorescent lipid (Figure 2.7), which overall shows that
fp,Lo does not depend on the presence or absence of the TexasRed-tagged lipids. Finally, some
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Fig. 2.8 FRET between fluorescent DNA (donor) and lipid marker (acceptor) has a
negligible impact on partitioning metrics. FRET efficiencies φFRET computed for both dC
(circles) and sT (squares) in Lo (blue) and Ld (grey) phases. In all cases, φFRET,Ld ∼ φFRET,Lo ,
indicating a negligible effect on the extracted fp,Lo (Eq. 4.2).

of the DNA architectures used in Chapter 4 carry a fluorescein tag in lieu of Alexa448. The
similar spectral characteristics of the two fluorophores imply that the controls and discussions
in this Section are also applicable to nanostructures featuring fluorescein.





Chapter 3

Programmable DNA-lipid complexation
with cations

Disentangling the interactions between nucleic acids (NA) and lipids is paramount to elu-
cidate various biological processes as well in the growing fields of nanoengineering and
(bio)nanotechnologies. NA-lipid interactions underpin versatile technologies enabling, for
instance, vaccine development [189, 190] as well as cellular transformation for genetic engi-
neering and synthetic biology [191–193], while DNA-membrane contacts have functional
implications for the replication of genetic material in both prokaryote and eukaryote cell
cycles [194]. In turn, the advent of DNA nanotechnologies has allowed interfacing synthetic
devices with biological [195] and biomimetic lipid bilayers [196]. DNA-based nanomachines
have been engineered with the purpose of emulating membrane-hosted functionalities that
range from membrane sculpting and re-modeling [150, 141, 151], sensing and signal trans-
duction [157], motility [197], and cell adhesion and tissue formation [120, 138, 121], further
expanding our arsenal for the construction of synthetic replicas of biological cells.

In this chapter, I describe a novel route for programming DNA-lipid complexation [158].
This work, performed in collaboration with Dr. Diana Morzy (Ulrich Keyser’s group,
University of Cambridge) and Dr. Himanshu Joshi (Aleksei Aksimientiev’s group, University
of Illinois), demonstrates the central role of cations in modulating interactions between
DNA nanostructures and zwitterionic membranes. Exploiting a synergistic experimental and
simulation strategy, we showed that gel-phased membranes have an enhanced affinity for
divalent cations, leading to adhesive interactions with DNA. These electrostatic interactions
can be further modulated with a range of external independent physico-chemical stimuli
capable of influencing lipid phase and cation interactions with lipid membranes, providing
several distinct handles to regulate attachment.
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Fig. 3.1 Cations drive adsorption of unmodified DNA to gel-phase zwitterionic mem-
branes. Interaction between DNA nanostructures, labelled with Cy3 fluorophores, and
zwitterionic membranes, as shown with representative confocal micrographs recording the
fluorescent signal of Cy3-DNA. The lack of added salt (grey frames) results in no adhesive
interaction, while gel-phase vesicles in the presence of magnesium (Mg2+, blue frames)
show membrane attachment. Scale bars = 5 µm

3.1 Cations induce preferential interactions between gel-
phases and DNA constructs.

A short (36 base pair) double-stranded (ds) DNA nanostructure, labelled with Cy3 fluo-
rophores, was used to probe interactions with bilayers prepared from phosphatidylcholine
(PC) lipids, one of the major components of biological membranes [22]. Due to their
zwitterionic nature, PC lipids carry no net charge. However, the different chemical identi-
ties, and resulting morphologies and accessibilities, of lipid headgroups in self-assembled
supramolecular structures can lead to enhanced Coulomb attraction or repulsion with other
macromolecules.

Giant Unilamellar Vesicles (GUVs), prepared from DPPC, were chosen as a biomimetic
platform to assess DNA-lipid interactions. Membranes were doped at 0.5 % molar ratio with
NBD-tagged PC lipids to enable fluorescent detection via confocal microscopy. Equatorial
micrographs of GUVs incubated with Cy3-dsDNA, such as those in Figure 3.1 (left), showed
DNA-membrane attachment in the presence of 1 mM MgCl2. Interestingly, vesicles incubated
without added salt did not display any interactions with dsDNA. Owing to its saturated nature
and high melting temperature (Tt = 40◦C), DPPC membranes adopt a gel phase at room
temperature (T ≈ 25◦C).
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Fig. 3.2 Cation identity determines electrostatic DNA-membrane adhesive interactions.
Representative confocal micrographs of Giant Unilamellar Vesicles (GUVs) incubated with
dsDNA and added salt in the form of different physiologically-relevant cations. Divalent
cations (Mg2+ and Ca2+) mediate DNA-membrane attachment, while no adhesion emerges
with monovalent cations (Na+ and K+). Scale bars = 10 µm

In turn, the Tt of POPC is ∼−2◦C, thus resulting in fluid bilayers at room temperature.
Vesicles in this liquid-phase do not readily interact with DNA nanostrucutures, as shown
in Figure 3.1 (right). Indeed, the lack of interactions between DNA and fluid bilayers has
led to include hydrophobic modifications in DNA nanostructures so to drive membrane
insertion [124]. The cation-mediated DNA adhesion hints at an electrostatic origin of
the interaction, sustained with gel-phases only and consistent with previous observations of
membrane-enhanced ion affinity [198, 199] and DNA-bilayer binding interactions [200–204].

To further investigate the ability of cations to induce DNA binding, other physiologically-
relevant cations were probed. Similar to the action of Mg2+, Ca2+ ions were consistently
observed to facilitate adhesion. Conversely, vesicles incubated with dsDNA in the presence
of monovalent salts (either Na+ or K+) were not able to sustain adhesive interactions with
the duplex even at concentrations as high as 200 mM, as illustrated in Figure 3.2 with
representative confocal micrographs. The latter highlights the unique ability of divalent
cations to induce DNA-membrane attachment, and suggests that the interactions emerge
by virtue of cation-mediated bridging, as process known to be driven solely by multivalent
ions [205, 206].
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Fig. 3.3 Zwitterionic membranes have a non-zero phase-dependent surface potential.
Zeta (ζ )-potential measurements performed on large unilamellar vesicles (LUVs) prepared
from DPPC and POPC lacking added salt, as well as in the presence of Mg2+ and dsDNA.
Error bars represent one standard deviation from three measurements, each consisting of
12 runs. Surface potential values were collected at T = 20◦C and T = 60◦C, the latter
being above DPPC lipid melting temperature (Tt), thus allowing to access both liquid and
gel-phases. LUVs in both phases display a negative surface charge, which is screened in the
presence of Mg2+. However, it is only in the presence of Mg2+, gel-phases, and dsDNA, that
the zeta-potential adopts a higher negative value – thus suggesting membrane adsorption.

3.2 Elucidating the molecular details of cation-driven DNA-
membrane adhesion

The need for divalent cations and gel-phases to drive DNA adsorption suggests a phase-
dependent differential affinity of the lipid headgroups for cations, which in turn would
influence their ability to bridge. Indeed, distinct electrostatic environments associated to
different lipid phases have been previously evoked to rationalise the behaviour of DNA-bound
origami in phase-separated liposomes [123]. To further test this hypothesis, the zeta-potential
of DPPC large unilamellar vesicles (LUVs) was measured below (T = 20◦C) and above
(T = 60◦C) the lipid melting temperature.

As collated in Figure 3.3, vesicles in non-ionic buffers displayed a negative surface
charge of ∼−12.2±0.2 mV. The negative surface potential accounts for the lack of dsDNA
attachment, in view of the strong negative charge of the anionic phosphates in the backbone.
Even though the membrane is composed of zwitterionic lipids, the net surface potential is
believed to arise from the orientation of the PC headgroup [207, 208], where the choline
motif arranges towards the bilayer’s core and exposes the anionic phosphate to the bulk.



3.2 Elucidating the molecular details of cation-driven DNA-membrane adhesion 61

Expectedly, addition of Mg2+ ions screened the surface charge – leading to a potential
of ∼ −0.5±0.1 mV – and thus indicating adsorption of cations to the membrane surface.
DNA adhesion was subsequently observed, resulting in a ζ -potential of ∼−2.7±0.2 mV.
Upon increasing the temperature to T = 60◦C, cation desorption and DNA detachment were
confirmed, recording surface potential values of ∼ −9.0± 1.0 mV and ∼ −7.1± 0.7 mV,
respectively. These values are also close, but not exactly equal, to that of the vesicles at high
temperatures in non-ionic buffers.

Analogous measurements performed on POPC LUVs largely confirmed the trends ob-
served with confocal microscopy. While the surface potential of vesicles indicated cation
adsorption yet no dsDNA adhesion, the surface charge of liquid-phase POPC liposomes in
non-ionic buffers was found to be more negative than that of DPPC (∼−18.07±1.45 mV).
These observations in turn suggest that, while indeed gel-phases are prone to interact with ds-
DNA, factors different than surface charge regulate cation adsorption to PC lipid membranes,
and thus their ability to bridge and mediate adhesion with DNA duplexes.

In order to gain insight into the molecular details of the interactions of bilayers with
Mg2+ and dsDNA, all-atom molecular dynamics simulations were performed on a patch of
liquid-phase (DPhPE) and gel-phase (DPPE) membranes. In this case, lipids featuring PE,
in lieu of PC, were chosen. While PE is zwitterionic too, it differs slightly in its chemistry
terminating in an ethanolamine instead of a choline group. This choice was motivated by
the accurate description of the interactions between PE and Mg2+ when using a magnesium
hexahydrate model (Mg[H2O]2+

6 ) [209]. Here, CUFIX corrections [210] can be implemented
to account for the interactions between Mg[H2O]2+

6 , the phosphate and amine motifs in the
lipid headgroup [179], and ultimately the phosphate groups in DNA molecules [178].

Firstly, in the absence of DNA molecules, all-atom systems were equilibrated with
high concentrations of magnesium ions (100 and 300 mM), and resulted in a higher local
concentration of cations at the surface of the DPPE bilayer. Interface-accumulation was also
observed for liquid-phases, but to a lesser extent, confirming Mg2+ affinity for gel phases. A
quantitative description of cation affinity was then computed thanks to a replica-exchange
umbrella sampling (REUS) approach, which allowed to extract the potential mean force
(PMF) between an individual Mg2+ ion and the bilayer (in either phase) in all-atom systems
such as the one shown graphically in Figure 3.4a. The resulting PMF profiles, summarised in
Figure 3.4b, confirm a clearly discernible difference in the affinity of Mg2+ for gel phases,
with a free energy minimum (in the headgroups vicinity) of ∼ 1 kcal · mol−1 lower than that
of the liquid-phase curve.
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Fig. 3.4 MD simulations show phase-dependent adsorption and coordination of Mg2+

to liquid and gel-phased membranes. a. Representative system used for replica-exchange
umbrella sampling simulations probing the affinity of Mg2+ for lipid membranes. Non-
hydrogen atoms in the DPhPE membrane are shown as blue (N), tan (P), red (O), and
cyan (C) spheres. A single magnesium ion and its first solvation shell, Mg[H2O]2+

6 , are
shown explicitly using red and white spheres, respectively. The semitransparent surface
illustrates the volume occupied by the MgCl2 solution. b. Free energy profile of Mg[H2O]2+

6
as a function of distance from the midplane of the membrane, as defined from the z-axis
in panel (a). Open and filled symbols, respectively, indicate values computed from data
extracted for buffer conditions considering a single ion and 100 mM MgCl2. c. Number of
phosphorus atoms in the lipid headgroups within 1 nm of a Mg[H2O]2+

6 ion as a function
of its distance from the membrane midplane. d. Representative configurations of both
DPPE and DPhPE lipids illustrating the differential coordination of magnesium ions by lipid
headgroups sustained at the minimum of their respective free energy curves.

The differential affinity emerged by virtue of the lipid headgroups coordinating the Mg2+

with distinct configurations, as demonstrated in Figure 3.4c. At the free energy minima, lipid
headgroups in DPhPE membranes arrange in a fashion that enables ∼ 4 phosphate groups to
surround the Mg2+ ion, while this number increases to ∼ 6 in gel-phased bilayers (DPPE), as
illustrated with representative configurations in Figure 3.4d. Note that the PMF calculations
were also performed in a system containing a single Mg2+ ion (open symbols in Figure 3.4b,
c), which largely overlapped the data computed for high concentrations and confirmed that
the behaviour is prevalent at low Mg2+ concentrations.

Subsequently, the influence of phase and Mg2+ on DNA-lipid interactions was directly
probed. For this purpose, a dsDNA construct was included in the all-atomistic simulation sys-
tem. The 21-bp fragment was placed parallel to the membrane surface, as shown graphically
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Fig. 3.5 MD simulations reveal Mg2+-regulated DNA adhesion to liquid and gel-phased
membranes. a. Representative system used for replica-exchange umbrella sampling sim-
ulations probing the affinity of dsDNA for lipid membranes (shown with DPPE lipids). A
21-nucleotide dsDNA construct is used, where the backbone is connected to itself across
the periodic boundary of the system. The backbone and bases of the DNA fragment are
shown in green and blue, respectively. b. Distance between the centre of the DNA and
the midplane of the membrane during the free-equilibration simulations for liquid (DPhPE,
red) and gel (DPPE, black) bilayers. The shaded region at the bottom of the plot marks the
approximate location of the lipid membrane with which the DNA interacts, while the top
shaded region indicates its periodic image along the z-axis. c. Free energy profile of the
21-base pair DNA construct as a function of its distance from the membrane midplane. Open
and filled symbols indicate values computed from data extracted from simulations run at 4
and 20 mM concentration of MgCl2, respectively. d. A representative instantaneous configu-
ration of Mg[H2O]2+

6 ions near the DNA fragment at its free energy minimum, confirming
cation-mediated bridging.

in Figure 3.5, and connected to itself across the periodic boundary of the box, so to guarantee
that the duplex remained parallel to the lipid bilayer over the duration of the simulation.
In order to account for Mg2+-containing buffer, the number of Mg2+ ions adsorbed to the
membrane was extracted from the single-ion PMF via the Langmuir isotherm [188]. From
this calculation, it emerged that, for a bulk concentration of 20 mM MgCl2, an average of 5
cations are expected to be absorbed to the leaflet of DPhPE while 16 to that of DPPE. These
numbers were then used for equilibration with the dsDNA probe.

Throughout the equilibration, the dsDNA probe remained permanently bound to the
surface of the gel-phased bilayer, while transiently attaching to that of DPhPE (Figure 3.5b),
thus confirming a difference in adhesion affinities. REUS was then applied to quantitatively
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describe the binding affinities that dsDNA has for lipid bilayers in the presence of Mg2+ ions
in the form of PMF curves, as collated in Figure 3.5c. These highlighted the pronounced influ-
ence that lipid phase has on DNA-membrane interactions, with a free energy minimum depth
difference of over 10 kcal · mol−1. In this case, the PMF calculations were also performed
in conditions corresponding to lower MgCl2 bulk concentrations (4 mM), which resulted in
a decrease in the magnitude of the attractive potential (open symbols). Nevertheless, the
gel-phase membrane still displayed a deeper free energy minimum than the liquid-phase,
hinting at the preferential affinity necessary to mediate DNA adhesion. It is also important to
highlight that representative configurations, such as the one shown in Figure 3.5d, confirm
that Mg2+ ions mediate bridging interactions between the anionic phosphate groups in the
lipid headgroups and in the DNA backbone.

Overall, the MD simulations robustly support experimental observations from confocal
microscopy and zeta-potential, and elucidate the molecular mechanism through which
divalent cations mediate DNA adhesive interactions with zwitterionic lipid membranes.
While cations can interact, and adsorb onto, liquid-phase membranes (as also detected with
zeta-potential), they display a higher affinity for gel-phases given their ability to coordinate
more lipid headgroups. The latter induces a stronger attraction between dsDNA and the
membrane, which can then interact via cation-mediated bridging.

3.3 Controlling DNA-lipid complexation

Having established the mechanism inducing DNA-membrane adhesion, one can readily
identify a number of avenues to modulate their complexation by influencing either: i)
the phase of the bilayer or ii) affinity of cation-membrane interactions. In the following
subsections, I demonstrate the ability of various independent physico-chemical parameters to
regulate DNA-membrane attachment, further expanding our toolbox to control adhesion and
functionality of DNA-based nanodevices.

3.3.1 Regulating adhesion with temperature

Lipid phase transitions can be induced via temperature changes. In the case of DPPC, as
shown in Section 3.2, heating the vesicles to temperatures above the lipid melting temperature
results in fluid membranes. To that end, DPPC GUVs – incubated with dsDNA in the presence
of 1 mM MgCl2 – were imaged below (T = 20◦C) and above (T = 50◦C) Tt by gradually
heating the sample. Confocal micrographs, such as those included in Figure 3.6a, show DNA
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Fig. 3.6 Temperature-induced phase transitions modulate DNA-lipid adhesive interac-
tions. a. Representative confocal micrographs of DPPC GUVs incubated with Cy3-dsDNA
in 1mM MgCl2 added salt, recorded below (T = 20◦C) and above (T = 50◦C) the lipid
melting temperature (Tt = 41◦C). b. Representative confocal micrographs following the
gradual detachment of dsDNA from an individual DPPC GUV upon increasing temperature
above Tt. c. Temperature-dependent reversible DNA adhesion to vesicles upon heating (red)
and cooling (turquoise), as computed from confocal fluorescent micrographs of individual
GUVs from n = 3 independent experiments. Error bars represent one standard deviation. d.
Differential Scanning Calorimetry (DSC) thermogram of DPPC large unilamellar vesicles
incubated with Cy3-dsDNA in 1mM MgCl2 added salt. The position of the peak marks the
phase transition temperature Tt ∼ 41◦ C. Scale bars = 5 µm

detachment at high temperatures, consistent with the lower affinity liquid-phases have for
cations and their ability to take part in bridging adhesive interactions.

Confocal acquisition during the temperature ramp enabled to follow DNA desorption.
While in gel-phase, the DNA coating on the vesicles was uniform. In turn, equatorial confocal
micrographs in Figure 3.6b illustrate the temperature-dependence of gradual DNA detach-
ment, where vesicles just above Tt, now in liquid-phase, feature a patchy DNA distribution.
The desorption process is quantitatively depicted in Figure 3.6c, which conveys the average
fluorescence intensity of the vesicles as a proxy for dsDNA membrane accumulation. Indeed,
the fluorescent profile shows that DNA detachment initiates at Tt, and progressively continues
as the temperature is increased. In turn, the melting temperature of the lipids was confirmed
by means of Differential Scanning Calorimetry (DSC). The thermogram, collated in Fig-
ure 3.6d, also excludes the possibility of the dsDNA coating changing the membrane’s Tt.
Finally, data collected upon cooling show the reversibility of DNA attachment/detachment,
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Fig. 3.7 Lipid phase in vesicles confirmed via FRAP measurements. a. Representative
fluorescent traces from Fluorescence Recovery After Photobleaching measurements below
(T = 20◦C) and above (T = 50◦C) the lipid melting temperature (Tm = 41◦C). Membranes
were doped at 0.5 % with NBP-PC lipids. b. Diffusion coefficient values for lipids in DPPC
vesicles below (T = 20◦C) and above (T = 60◦C) Tt, as computed from traces such as those
in panel (a), confirming the presence of gel and liquid phases, respectively.

where the emergence of gel-phases resulted again in DNA adhesion.

In further support of the temperature-regulated DNA-membrane interactions, the lipid
phase of the vesicles was investigated by exploiting the nearly-negligible lipid diffusivity
in gel-phases. For this purpose, as summarised in Figure 3.7, Fluorescence Recovery Af-
ter Photobleaching (FRAP) was performed on the surface of individual GUVs both below
(T = 20◦C) and above (T = 50◦C) Tt. Representative fluorescent traces, such as those in
Figure 3.7a, show almost no recovery of fluorescence in the bleached gel-phase membrane,
owing to the lack of membrane fluidity. Conversely, vesicles at T = 50◦C (in liquid phase)
displayed a faster recovery profile, characteristic of fluid lipid membranes. The fluorescent
recovery traces were used to estimate lateral lipid diffusion coefficients for each membrane,
shown in Figure 3.7b, and indeed, largely confirmed the phase transition.

Additionally, a control experiment was run to assess the evolution of DNA detachment.
In this case, the vesicles were incubated just above Tt (T = 43◦C). Figure 3.8a compares the
temperature with the fluorescence intensity profile as extracted from confocal micrographs.
No gradual detachment was observed even after an hour of incubation. In turn, detachment
only proceeded after the temperature was increased again (see representative confocal
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Fig. 3.8 Gradual detachment with increasing temperature represents the equilibrium
desorption behaviour. a. Time-evolution of the Cy3-fluorescence intensity (orange circles)
recorded in an individual DPPC GUV upon increasing temperature (red squares). The
sample was incubated just above Tt (T = 43◦C) for 1 hour before proceeding further with
the temperature ramp. b. Representative confocal micrographs of an individual GUV at
various temperatures illustrating the gradual DNA detachment, thus confirming the absence
of time-dependent desorption. Scale bar = 5 µm.

micrographs in Figure 3.8b). The latter confirms that gradual detachment in fact represents
the equilibrium behaviour of the system, and is not an artefact associated to slow detachment
kinetics. Indeed, the ability of the system to relax to equilibrium over timescales relevant to
the experimental implementation in Figure 3.6 is supported by the lack of any significant
hysteresis between the heating and cooling curves (Figure 3.6c), and was subsequently
confirmed by directly investigating the desorption kinetics.

As summarised in Figure 3.9, vesicles were subjected to a fast temperature increase
from T = 35◦C to T = 50◦C. Membrane fluorescence intensity was recorded throughout
the process, and is collated in Figure 3.9a. While the vesicles initially displayed dsDNA
membrane attachment, upon triggering the abrupt temperature change (marked by a solid red
line) the fluorescence intensity quickly decreased. The GUV showed morphological changes
(dashed red line) ∼ 5 seconds after the temperature increase, which is indicative of the phase
transition. Shortly afterwards, the fluorescence intensity of the membrane dropped to values
similar to that of the background.
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Fig. 3.9 DNA desorption occurs on a timescale of seconds. a. Time-evolution of an
individual DPPC GUV, following Cy3 -fluorescent signal upon a quick temperature increase
from below (T = 35◦C) to above (T = 50◦C) the lipid melting temperature (Tt = 41◦C). The
solid red line indicates the approximate time at which the temperature increase was triggered,
while the dashed line marks the time upon which morphological changes in the membrane
were detected, indicative of the phase transition. Error bars represent one standard deviation
from signal extracted from two vesicles in the same field of view. b. Representative confocal
micrographs following the time-dependence of DNA attachment upon the fast temperature
increase described in panel (a). Scale bar = 10 µm.

Representative confocal micrographs in Figure 3.9b illustrate the detachment process,
which was found to occur in a timescale of seconds and altogether eliminates the possibility
of slow desorption kinetics biasing the results presented throughout this Section. Note that
the slight ∼ 5 s delay observed between the temperature increase (solid line) and the lipid
phase transition (dashed line) can be attributed to an effect resulting from heat propagation
within the microscopy cell.

Finally, de-stabilisation of the dsDNA probe was also discarded as a possible source of
artefact. The DNA nanostructures were subjected to a temperature ramp to collect a UV-Vis
melting profile. Absorbance values were recorded at λ = 260 nm between 10◦C and 90◦C.
Data in Figure 3.10a shows the melting profile for the dsDNA probe at high (1 µM) and low
(0.1 µM) concentrations, from which it is readily apparent that the probe remains stable over
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Fig. 3.10 UV-Vis measurements confirm the stability of the dsDNA probe over the as-
sessed temperature range. a. Absorbance values recorded at λ = 260 nm for the dsDNA
nanostructure in 10 mM Tris buffer supplemented with 1 mM MgCl2 over a temperature
ramp. Melting profiles were collected for probes at bulk concentrations of 1 and 0.1 µM,
highlighting in orange the duplex stability over the temperature range (20-50◦ C) used to
modulate DNA-membrane interactions. b. Melting profiles for the dsDNA probe computed
in silico with the NUPACK suite [163], showing the concentration-dependence of the melting
temperature.

the temperature range relevant to the experimental implementation discussed throughout
this Section (highlighted in orange). Note that, while the bulk DNA concentration used for
DNA-membrane attachment optical assays was 0.1 µM, it is expected that owing to DNA
accumulation at the membrane surface, the effective Tm of the dsDNA probe would be higher
than in the bulk. Increasing concentration of DNA, as shown graphically in Figure 3.10b with
melting profiles computed in silico with the NUPACK suite [163], leads to higher melting
temperatures. In tandem, these results support ruling out lack of stability of the dsDNA probe
as a source of bias in the interpretation of results.

3.3.2 Modulating DNA-membrane interactions via sterol incorporation

The phase of lipid membranes can be isothermally programmed by altering the membrane
composition aided by published phase diagrams [51]. In the case of DPPC vesicles, this can
be achieved through the incorporation of cholesterol molecules that can enable accessing
both gel and liquid phases [211], and thus provide yet another handle to modulate DNA-lipid
interactions.
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Fig. 3.11 Tuning membrane sterol content regulates DNA-lipid adhesion. DNA attach-
ment is modulated via sterol incorporation to the membrane and thus changing lipid phase. a.
Phase-dependence of DNA adhesion, tuned by increasing the cholesterol molar fraction in
chol/DPPC binary mixtures, as illustrated with representative confocal micrographs. In the
case of GUVs displaying gel-Lo coexistence, DNA adhesion is presumably observed in the
gel phase. b. Representative confocal micrograph of Ld-phase GUVs prepared from a 10 %
chol/POPC binary mixture. Scale bars = 10 µm

With the above in mind, GUVs were prepared from binary cholesterol/DPPC lipid mix-
tures containing a cholesterol molar ratio of 0%,5%,15%, and 25%. At these percentages,
it was possible to probe dsDNA interactions with membranes displaying at room temperature
gel (0 and 5%), co-existence of liquid-ordered (Lo) and gel (15%), and liquid ordered (25%)
phases. Subsequently, vesicles were incubated with dsDNA in the presence of 1 mM MgCl2,
and assessed with confocal microscopy. Representative confocal micrographs, such as those
presented in Figure 3.11a, confirm that dsDNA attachment only emerges in the presence of
gel phases, and that in fact Lo phases suppress adhesion.

Interestingly, vesicles displaying gel-Lo co-existence show a clear example of domain-
targeted dsDNA adsorption, where the DNA probe is presumably enriching gel phases.
This effect provides a route for targeting gel domains in phase-separated membranes, a
concept that has been recently evoked to enhance the affinity and activity of lipid-sensitve
ribozymes [212]. Beyond nucleic-acid sensors, dsDNA attachment can be coupled to the
action of β -cyclodextrin, a molecular agent known to promote cholesterol depletion from the
membrane [51], and could thus be potentially leveraged to isothermally remove cholesterol to
induce the emergence of gel phases and dsDNA adsorption that initiates downstream molecu-
lar circuitry. Note that cholesterol itself does not induce dsDNA attachment when present
in the lipid bilayer. This is confirmed by the lack of adhesion in vesicles prepared at high
chol/DPPC molar ratio, and also with vesicles composed of 10 % chol/POPC (Figure 3.11b)
displaying Ld-phases.
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3.3.3 DNA-membrane binding regulated via physiologically-relevant
ionic mixtures

An alternative avenue to control the adhesion of dsDNA to gel-phase membranes is reliant
on influencing the affinity of cation-bilayer interactions and thus the ability of cations to
bridge. In fact, cation-mediated bridging has been shown to strongly depend on the presence
of other salts, particularly on the monovalent-to-divalent cations ratio [196, 213, 214]. This
traces a simple route to modulate the degree of dsDNA membrane coverage by tuning the
composition of cation mixtures in the bulk.

This concept was exemplified by exploring mixtures of monovalent and divalent cations
that emulate compositions found in key cellular compartments [215]. For this purpose, let
us benchmark a given degree of membrane attachment, such as that achieved by incubating
GUVs with dsDNA and 1 mM MgCl2 (denoted as a dashed line in Fig. 3.12). Then, as
also demonstrated in Section 3.1, dsDNA does not attach to DPPC GUVs when incubated
with 100 mM NaCl. Supplementing the bulk with Mg2+ ions to a final concentration of
1 mM shows a negligible increase in membrane fluorescence, and confirms the ability of
NaCl to suppress bridging, presumably due to the competition between monovalent and
divalent cations which weakens bridging. In turn, supplementing vesicles with higher
– yet still biologically-relevant – concentrations of Mg2+ (20 mM) induces strong dsDNA
adhesion, where magnesium ions outcompete sodium and thus achieve ∼ 75% of the initially-
benchmarked membrane coverage. This trend is summarised in Figure 3.12 quantitatively
(panel (a)) alongside representative confocal micrographs (panel (b)), and lays the foundations
for the development of DNA nanostructures responsive to fluctuations in cation concentration
arising from pathological or physiological cues.

Lastly, analogous measurements were performed with calcium in lieu of magnesium. In
this case, vesicles in the presence of 100 mM NaCl, and supplemented with Ca2+ to the same
concentrations probed for magnesium (1 mM and 20 mM), showed a consistently higher
membrane coating, achieving ∼ 35% and nearly 100% of the degree of membrane attach-
ment attained by 1 mM MgCl2 alone. These observations are also consistent with previous
reports of calcium displaying a lower sensitivity to the competing effect with monovalent
cations [216]. Changes of Ca2+ bear a particular physiological relevance, in view of the
defining role that inter-cellular calcium waves play in the coordination of cell responses [217].

These findings showcase the sensitivity of the cation-meditated bridging mechanism in
DNA-lipid interactions, and provide a further route to leverage cation identity and composi-
tion of ionic mixtures to modulate DNA-membrane attachment. Indeed, the observations
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Fig. 3.12 Membrane coating is tuned with cation mixtures at biologically-relevant com-
positions. a. Degree of membrane coverage with dsDNA, as extracted from Cy3-fluorescence
intensity profiles in equatorial confocal micrographs of DPPC GUVs incubated with added
salt featuring various combinations of physiologically-relevant cations (Na+, Mg2+, and
Ca2+). Fluorescence intensity values were normalised to that of the average signal from
dsDNA-GUVs in the presence of 1 mM MgCl2 (blue dashed line; shaded region represented
1 standard deviation). b. Representative confocal micrographs of DPPC GUVs incubated
with the dsDNA probe in the presence of 1 mM MgCl2, or 100 mM NaCl, or 100 mM NaCl
with increasing concentrations of divalent cations (Mg2+, and Ca2+), illustrating the different
degrees of DNA-membrane adhesion. Micrographs recorded at 100 mM NaCl and 100 mM
NaCl + 1 mM MgCl2 are presented with contrast enhancement post-processing to highlight
the lack of attachment. Image acquisition was performed with the same settings and data
were analysed (panel (a)) without contrast enhancement. Scale bars = 10 µm.
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in Figure 3.12 suggest that the increase of calcium content in certain cation mixtures is
able to induce DNA adhesion. In turn, similar changes in magnesium concentrations will
not generate such a strong response. It is thus possible to envisage simple design updates
on the DNA nanostructures that can facilitate ion-selectivity, introducing opportunities for
potential targeting mechanisms and responses that are sensitive to ion-induced signalling
and enzyme activity [218]. Furthermore, the responsive nano-devices can be engineered to
also be sensitive to (de-regulated) ion transport, a hallmark of aberrant cellular functioning,
where for instance cancer cells often display altered Ca2+ signalling [219].

3.4 Chapter Summary and Outlook

In this chapter, I have presented work on unveiling the key role that cations play in defining
DNA-membrane interactions, using a comprehensive set of experimental and simulation-
based approaches. Cation-mediated bridging was demonstrated to programmably drive
DNA-lipid complexation at the surface of gel-phase membranes, while the lower affin-
ity of liquid-phases for cations suppresses adhesive interactions with DNA. Having eluci-
dated the molecular details of the cation-driven attachment mechanism, I outlined various
routes through which DNA-membrane interactions can be regulated, leveraging independent
physico-chemical parameters that have an effect on either lipid phase or on the ability of
cations to sustain bridging. Adsorption modulation was exemplified with several external
parameters and stimuli, ranging from temperature to sterol content as well as cation identity
and competition between cation species. Altogether, these results provide a range of handles
to finely tune DNA adhesion.

Describing the cation-induced attachment mechanism is key in the pursuit of a complete
understanding of DNA-membrane interactions, central both in (bio)nanotechnolgies and biol-
ogy. In the latter, it may hold particular relevance given the various and diverse processes that
take place at the membrane interface [25], spanning from nuclear RNA export [220] to viral
infection [221]. In addition, cation-mediated bridging interactions may have (dis)functional
implications beyond the nucleic-acid realm. Indeed, analogous bridging processes may take
place with other charged macromolecules. One may speculate, for instance, that changes as-
sociated to protein charge (and stability) [222] could have an effect on their ability to sustain
electrostatic interactions with lipid bilayers, and hence play a role in pathways associated to
pathology and disease. One prominent example is that of amyloid fibrils in neurodegenerative
conditions [223–225] (e.g. Alzheimer’s and Parkinson diseases).
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Conversely, the emerging fields of bionanotechnologies and bottom-up synthetic biology
will greatly benefit from this controllable platform for reversibly regulating DNA attachment
and detachment. Indeed, biomimetic cellular systems could be readily engineered to achieve
spatio-temporal patterning of their lipid membrane. In addition, as detailed in Section 3.3.2,
dsDNA probes such as the one employed here could be harnessed report on phase changes
induced by other stimuli or molecular agents. Similar experimental implementations could
be devised such that DNA nanostructures attach and trigger molecular reactions, such as
toehold-mediated strand displacement, to initiate downstream signalling processes for inter-
cellular communication pathways. Finally, as mentioned in Section 3.3.3, DNA probes could
be engineered to respond and target specific sub-cellular compartments based on the different
degrees of membrane coverage achieved in media with distinct ionic compositions, so as
to capture/deliver molecular cargoes or report on the activity of other macromolecules of
interest.



Chapter 4

Cargo distribution and transport in
biomimetic membranes regulated by
DNA receptors

Artificial cellular technologies are reliant on compartmentalisation, required to achieve
macromolecular partitioning and sustain (bio)chemical pathways [4, 226]. While membrane-
confined compartments have been realised using colloids [227, 42], polymers [40], and
proteins [15, 228], the most common experimental implementation is achieved using synthetic
lipid membranes [226]. However, these are generally inert passive enclosures, and only a few
remarkable efforts have managed to impart synthetic interfaces with active properties [13, 14,
106, 104, 105, 12, 229]. In biological systems, the plasma membrane features an extreme
molecular heterogeneity, which must be overcome to mediate the many functionalities they
host, ranging from sensing and signal transduction [27, 28] to molecular trafficking [25],
morphological re-modeling [230, 26, 231], and adhesion [29, 109, 111]. Thus, in our quest
to endow synthetic cellular replicas with life-like behaviours we must develop pathways to
control the lateral organisation of membrane components.

This chapter describes a novel DNA-based platform to statically and dynamically regulate
the distribution of synthetic membrane inclusions in which I coupled the design programma-
bility offered by DNA nanotechnology to lipid phase separation. Such synergy allows to
exploit the tendency that different hydrophobic anchors have for enriching distinct lipid
domains to program the partitioning behaviour of DNA receptors. I demonstrate that by
rationally combining anchoring motifs and tuning nanostructure size and topology, synthetic
cargoes can be programmably distributed and reversibly transported across the surface of
biomimetic membranes [159], akin to the action of membrane-associated biological receptors.
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Fig. 4.1 Hydrophobic anchors in DNA nanostructures mediate membrane attachment.
Nucleotides can be functionalised with hydrophobic moieties, which are covalently attached
to their phosphate backbone. a. One prominently used modification, schematically depicted,
is a cholesterol molecule linked to the phosphate group via a triethylene glycol (TEG)
spacer. b. Similarly, tocopherol is often attached to nucleotides through an octyl spacer.
c. Hydrophobic modifications grant DNA nanostructures with an amphiphilic character,
enabling their insertion to lipid bilayer membranes.

DNA nanostructures self-assembled from synthetic DNA oligonucleotides via Watson-
Crick base pairing, using the temperature quenching procedure detailed in Section 2.2.2.
Fluorescent tags (Alexa488, unless stated otherwise) were included to monitor the distribution
of the nanostructures with confocal miscrocopy, while cholesterol and tocopherol modifica-
tions, schematically shown in Figure 4.1, were introduced rationally at the terminal region of
selected oligonucleotides to grant amphiphilicity to the nanostructure and drive membrane
anchoring. Importantly, amphiphilic DNA nanostructures have been shown to partition when
anchored to phase-separated synthetic bilayers. For instance, in ternary model membranes of
DOPC/DPPC/cholesterol displaying co-existence of liquid ordered (Lo) and liquid disordered
(Ld) phases [51, 52, 23], DNA constructs bearing a single cholesterol-TEG anchor show
a weak preference for Lo, while duplexes end-functionalised with two cholesteryl-TEG
anchors partition in Lo more prominently [137, 232]. Conversely, oligonucleotides bearing
α-tocopherol preferentially enrich the Ld phases of ternary POPC/SM/cholesterol membranes
[233, 234]. Moreover, dynamic control over the partitioning has also been exemplified with
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Fig. 4.2 Membrane-anchored DNA nanostructures preferentially enrich phases of de-
mixed Giant Unilamellar Vesicles. Left: Schematic depiction of a multi-component Giant
Unilamellar Vesicle (GUV), whose membrane is composed of saturated and unsaturated
lipids mixed with sterols, and displays liquid ordered (Lo) and liquid disordered (Ld) phase
co-existence. The outer leaflet of the membrane is decorated with amphiphilic DNA nanos-
tructures bearing two cholesterol anchors, which enrich their preferred (Lo) phase. Right: 3D
view of a de-mixed GUV obtained from a confocal z-stack using Volume viewer (FIJI [236])
maximum projection algorithm. DNA nanostructures (cyan) partition to the Lo domain, while
the Ld phase (red) is labelled with TexasRed-DHPE. Scale bar = 10 µm.

DNA nano-devices that redistribute between lipid phases following enzymatic cleavage [235]
or changes in ionic strength [123].

Phase-separating GUVs were functionalised with amphiphilic DNA nanostrucures, which
decorated the outer leaflet of the membrane (Figure 4.2, left). In this case, vesicles were
prepared from ternary lipid mixtures (DOPC/DPPC/cholestanol), and at room temperature
displayed co-existence of liquid ordered (Lo) and liquid disordered (Ld) phases. The mem-
branes were doped with fluorescent marker (TexasRed-DHPE) at 0.8% molar ratio to label
Ld domains. At room temperature, GUVs equilibrated to macroscopic domains resulting in a
Janus-like morphology, as shown in Figure 4.2 (right), which enabled the facile visualisation
and quantitation of the lateral distribution of the nanostructures.

Equatorial micrographs of DNA-decorated GUVs were recorded and processed using
the analysis platform described in Section 2.4.1, which extracted the average fluorescence
intensities of the nanostructures in the two phases (ILo and ILd). In turn, these values enabled
computing the fractional intensity in the Lo phase:

fp,Lo =
ILo

(ILo + ILd)
, (4.1)
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to describe the partitioning tendency of the DNA constructs. Moreover, assuming that
the fluorescence intensities extracted are proportional to the concentration of nanostructures,
one can determine the partitioning free energy using

∆Gp,Lo =−kBT log
(

fp,Lo

fp,Ld

)
, (4.2)

where ∆Gp,Lo is defined as the free energy shift associated with moving a single construct
from the Ld to the Lo phase.

The presence of the fluorescent marker could in principle influence the observable fp,Lo

used to describe partitioning through cross-talk between the fluorescent channels and Förster
Resonance Energy Transfer (FRET). In order to rule out these potential sources of bias, I
performed dedicated experiments which, as discussed in Section 2.5, confirm a negligible
impact on fp,Lo .

4.1 Programming the lateral distribution of DNA recep-
tors

Initially, I applied the data analysis pipeline to GUV populations featuring nanostructures
anchored via single cholesterol-TEG (sC) and single tocopherol (sT), two well-characterised
motifs. As shown in Figure 4.3, sC anchors display an expected weak preference for Lo

domains ( f sC
p,Lo

≈ 0.6,∆GsC
p,Lo

≈−0.4kBT ), while constructs featuring sT readily partitioned
to Ld phases ( f sT

p,Lo
≈ 0.14,∆GsT

p,Lo
≈ 1.9kBT ).

Such a substantial difference in the lateral distribution of DNA nanostructures, as driven
by the anchoring motifs, traces a route to program their partitioning behaviour via the rational
combination of multiple and/or different hydrophobic anchors within the same architecture.
Thus, it may be possible to reinforce the enrichment in either lipid phase by incorporating
more cholesterol or tocopherol moieties, or conversely to access intermediate partitioning
states in devices that host both types of motifs.

One can thus envisage a simple guiding principle to design multi-anchor nano-devices.
In a scenario where no (anti)cooperative effects emerge and at sufficiently low construct
concentrations, the free energy of partitioning for a nanostructure featuring more than one
hydrophobic motif should be additive in the contributions of each anchor, such that

∆Gp,Lo = ∑
i

∆Gi
p,Lo

, (4.3)
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Fig. 4.3 Lateral distribution of DNA nanostructures depends on anchor chemistry and
combination. a. Fractional intensity (fp,Lo) and free energy of partitioning (∆Gp,Lo) of DNA
nanostructures in Lo phase, conveyed by box-scatter plots and lozenges respectively, for
DNA-decorated GUV populations (two individual repeats in blue/grey) featuring different an-
choring motifs: single cholesterol-TEG (sC), double cholesterol-TEG (dC), single tocopherol
(sT), or a combination of single cholesterol-TEG and single tocopherol (sC+sT). For dC and
sC+sT, squares indicate the predicted free energy values for combined anchors, determined
from Eq. 4.3 using measured values of ∆GsT

p,Lo
and ∆GsC

p,Lo
. The dotted line indicates no

partitioning (fp,Lo = 0.5, ∆Gp,Lo = 0). b. Schematic depictions of DNA duplexes bearing sC,
sT, dC or sC+sT. c. Representative confocal micrographs of the DNA-functionalised GUVs.
The Ld phase was labelled with TexasRed (red), and DNA constructs (cyan) with Alexa488.
Scale bars = 10 µm.

where the index i runs over all the anchors in the construct. This relationship in Eq. 4.3 can
be readily tested on a DNA duplex end-functionalised with two cholesterol-TEG anchors
(dC). Expectedly, dC-anchoring leads to a stronger affinity for Lo [137, 119], with f dC

p,Lo
≈ 0.7

and ∆GdC
p,Lo

≈−0.8kBT , a nearly identical value to that of 2× the sC nanostructures. In this
case, such a quantitative agreement suggests that anchor cooperativity and other non-additive
contributions negligibly affect partitioning.
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Fig. 4.4 GUV size polydispersity does not influence the partitioning of DNA nanostruc-
tures. Fractional intensity in Lo (fp,Lo) of DNA nanostructures anchored via dC (blue circles)
or sT (red squares) as a function of vesicle radius of ternary GUV populations. The lack of
correlation between the two variables indicates that the natural size heterogeneity of electro-
formed vesicles does not have an effect on the lateral distribution of DNA nanostructures.

Similarly, probing the approach on "chimeric" nanostructures, hosting one tocopherol
and one cholesterol anchor (sC+sT), resulted in a still significant preference for Ld domains
(Figure 4.3, f sC+sT

p,Lo
≈ 0.3) indicating that sT dominates the partitioning. While expected in

view of the higher free energy change associated with the partitioning of tocopherol, the
free energy prediction overestimated the value of ∆GsC+sT

p,Lo
≈ 0.9kBT (statistically significant

difference, p = 8.5×10−11, using the non-parametric Mann Whitney Wilconson Test). In
this scenario, non-additive effects may arise from the distinct chemical nature of the anchors
in close proximity, and their consequent (different) interactions with the surrounding lipid
environment.

To further understand the effects at play in the lateral distribution of membrane inclusions,
I assessed whether vesicle size influenced fp,Lo . As summarised in Figure 4.4, the lack of
correlation between GUV size and the partitioning tendency of dC and sT nanostructures sug-
gests that the intrisic polydispersity in size, and possibly membrane tension, of electroformed
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Fig. 4.5 Lateral distribution of duplex DNA nanostructures in quaternary GUVs.
a. Fractional intensity (fp,Lo) and free energy of partitioning (∆Gp,Lo) of DNA nanostruc-
tures in Lo, conveyed by box-scatter plots and lozenges respectively, for DNA-decorated
quaternary (DOPC/DPPC/cardiolipin/chol) GUV populations featuring different anchoring
motifs: single cholesterol-TEG (sC), double cholesterol-TEG (dC), single tocopherol (sT), or
a combination of single cholesterol-TEG and single tocopherol (sC+sT). For dC and sC+sT,
squares indicate the predicted free energy values for combined anchors, determined from
Eq. 4.3 using measured values of ∆GsT

p,Lo
and ∆GsC

p,Lo
. The dotted line indicates no partitioning

(fp,Lo = 0.5, ∆Gp,Lo = 0). b. Schematic depictions of DNA duplexes bearing sC, sT, dC or
sC+sT. c. Representative confocal micrographs of the DNA-functionalised GUVs. The Ld
phase is labelled with TexasRed (red), and DNA constructs (cyan) with Alexa488. Scale bars
= 10 µm. Data are analogous to those shown in Figure 4.3 for the case of ternary GUVs.

GUVs does not play a role in DNA nanostructure lateral segregation and phase enrichment.

Subsequently, I investigated the lateral distribution of DNA constructs anchored to
vesicles prepared from a quaternary lipid mixture (DOPC/DPPC/cholestanol/cardiolipin). In
this more complex scenario, further challenging the modular design approach, Lo-Ld phase
co-existence is preserved. However, the presence of cardiolipin (CL), a highly unsaturated
lipid, has been shown to enhance the partitioning to Lo-domains since the inverse-cone
shape of CL induces an increased lateral stress in Ld [119]. Figure 4.5 shows the behaviour
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Fig. 4.6 Anchor coupling to program DNA nanostructure partitioning. Tunable lateral
segregation of DNA architectures is attained by coupling two sets of anchors: dC+dC and
sT+dC. The partitioning behaviour is demonstrated by the fractional intensity (fp,Lo , box-
scatter plots) and free energy of partitioning (∆Gp,Lo , lozenges) in Lo. Squares indicate
the predicted free energy values for combined anchors, determined from Eq. 4.3 using
measured values of ∆GsT

p,Lo
and ∆GsC

p,Lo
(Figure 4.3). Alongside, schematic depictions of the

nanostructures and representative confocal micrographs of decorated GUVs. The Ld phase is
labelled with TexasRed (red), and DNA constructs (cyan) with Alexa488. Scale bars = 10
µm.

of duplexes featuring sC, sT, dC, and sC+sT anchors. Indeed, all populations show a
systematic shift towards Lo, and confirm the predictive power of Eq. 4.3. However, some
non-additive deviations emerge, where the criterion led to an overestimation of the preference
the nanostructures (dC and sC+sT) have for Lo phases.

The difference in magnitude between the non-additive free energy terms observed for
ternary and quaternary vesicles is not entirely unexpected. Indeed, (anti)cooperative effects
are likely to be highly sensitive to the lipid microenvironment surrounding the anchors. It
is interesting to think about the cardiolipin-rich Ld-domains, where larger inclusions (such
as those associated with two-anchor constructs) can be better accommodated so as to help
relax the built-in lateral stress. The latter would then lead to a less pronounced affinity for Lo

phases, as observed experimentally.

The design freedom afforded by DNA nanotechnology allows this modular "mix-and-
match" approach to be extended beyond a single duplex. In fact, one can regard the constructs
described in Figures 4.3 and 4.5 as anchoring modules and further couple them in larger
architectures to expand the arsenal of accessible partitioning states. One simple illustration
of this, schematically depicted in Figure 4.6, results from combining two modules by joining
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Fig. 4.7 DNA nanostructure topology modulates enrichment in lipid domains. Effect of
nanostructure size on partitioning, shown via fp,Lo box-scatter plots of DNA nanostars bearing
single tocopherol (sT) or double-cholesterol (dC) anchors. For comparison, the mean fp,Lo

achieved by their duplex counterparts (dashed lines: red for dC; blue for sT) is shown. The
dotted line indicates no partitioning (fp,Lo = 0.5, ∆Gp,Lo = 0). Depiction of DNA nanostars
alongside representative confocal micrographs of DNA-decorated GUVs. The Ld phase was
labelled with TexasRed (red), and nanostars with fluorescein. Scale bars = 10 µm.

them through a transversal linking duplex. For added conformational flexibility, 3-nucleotide
single-stranded domains α were included between the anchoring and linker duplexes.

With this geometry, two modular combinations were investigated, dC+dC and sT+dC, in
ternary GUVs. Nanostructures featuring dC+dC, expectedly, displayed a stronger affinity
for Lo, with ∆GdC+dC

p,Lo
≈−1.4kBT and f dC+dC

p,Lo
≈ 0.8. On the other hand, similar to sC+sT

duplexes, the lateral distribution of sT+dC constructs was dominated by the strong Ld

preference of the tocopherol (∆GsT+dC
p,Lo

≈ 1kBT and f sT+dC
p,Lo

≈ 0.26). Importantly, both
designs had partitioning free energies that could be quantitatively predicted through the
addition of individual anchor contributions.

4.2 Exploiting non-additive effects to modulate the lateral
distribution

While the guiding principle in Eq. 4.3 has proven so far remarkably accurate, some non-
additive contributions have been highlighted. As discussed in the previous Section, these
effects seem to correlate with specific anchor and lipid chemistry, and are thus difficult to
control. In turn, one can think of potentially harnessing other non-additive contributions to
finely tune the lateral distribution around the baseline of partitioning states defined by an
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Fig. 4.8 Lateral distribution of DNA nanostructures of increasing molecular weight.
Fractional intensity (fp,Lo) of DNA nanostructures in Lo, conveyed by box-scatter plots,
for GUV populations functionalised with duplexes of increasing molecular weight, and
compared to the DNA nanostar (schematically depicted to scale). The dotted line indicates
no partitioning (fp,Lo = 0.5). The increase of size and molecular weight influences the
partitioning, possibly owing to steric encumbrance or electrostatic repulsion that in turn
limits the accumulation in the Lo phase.

anchoring platform. For example, tethering larger nanostructures to membranes may result
in steric and/or electrostatic effects affecting the lateral segregation of the motifs. Indeed,
in some non-dilute regimes, one can expect that excluded volume effects will prevent the
accumulation of large architectures in a specific lipid domain, and thereby weaken their
partitioning.

I have probed these notions using bilayer-anchored DNA three-way juntions, dubbed
nanostars, with dC and sT motifs, as schematically depicted in Figure 4.7. The nanostars
have roughly ∼ 4× the molecular weight of their duplex counterparts and, as collated in
Figure 4.7, show a systematically weakened partitioning behaviour. In fact, the effect is
not exclusive of branched nanostructures. Figure 4.8 summarises the partitioning tendency
of DNA nanostructures of increasing molecular weight. Here, the constructs are simple
duplexes that increase in length approaching the molecular weight of the nanostar, and prove
that larger and bulkier devices display a reduced partitioning.

To further explore the effect that steric nanostructure-nanostructure interactions have on
lateral segregation, I performed measurements with the smaller DNA duplexes featuring dC
and sT over a wide range of (nominal) DNA-to-lipid ratios, and thus of surface densities
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Fig. 4.9 High DNA nanostructure densities suppresses partitioning due to membrane
saturation. Fractional intensity (fp,Lo) of DNA nanostructures in Lo, conveyed by plots of
means ± standard deviations, for GUV populations decorated with DNA duplexes (dC in
blue; sT in red) at increasing nominal DNA/lipid molar ratios, and thus leading to different
densities of DNA constructs within the bilayers. The molarity of GUVs was determined
using a phosphatidylcholine (PC) enzymatic assay. The dotted line indicates no partitioning
(fp,Lo = 0.5). The green dash line marks the DNA/lipid ratio (∼ 4×10−4) used throughout
this chapter.

of DNA nanostructures. The data, summarised in Figure 4.9, shows a near-stationary fp,Lo

value over a broad range of DNA-to-lipid ratios around the one used throughout this chapter
(∼ 4×10−4). Indeed, for both dC and sT, the partitioning tendency deviates towards fp,Lo

= 0.5 at high DNA/lipid ratios. Such a behaviour hints at the saturation of the preferred
phase, preventing further accumulation and thus suppressing partitioning.

The suppression of partitioning at high DNA/lipid ratios further supports the hypothesis
that steric interactions between the nanostructures modulate the lateral distribution to a point
where accumulation in a given phase leads to their saturation and subsequent impossibility to
accommodate more constructs. Note that membrane saturation occurs at higher DNA/lipid
ratios for sT compared to dC. This shift can be ascribed to a lower overall membrane affinity
of the sT constructs, which may result in a lower density of membrane-anchored motifs
at fixed DNA/lipid ratios. While dC membrane insertion is effectively irreversible [237],
anchoring via sT may be weaker, so that membrane-anchored sT duplexes coexist with a
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Fig. 4.10 Toehold-mediated strand displacement induces nanostructure reconfigura-
tion. Schematic depiction of the reversible mechanism underpinning DNA nanostructure
dimerisation through the addition of Fuel/Antifuel strands, which exploit domains δ1,α1,δ2,
and α2 as toeholds. Nanostructure reconfiguration in turn results in the fluorescent cargo
attaching or detaching from anchoring points bearing either double cholesterol (dC) or single
tocopherol (sT) through complementarity to domains γ1 and γ2, leading to the emergence of
distinct partitioning states.

larger concentration of constructs in solution, effectively reducing the surface density at a
given DNA/lipid ratio.

In tandem, the results presented throughout this Section prove that the lateral distribution
of membrane inclusions can be finely modulated by rationally introducing changes in nanos-
tructure size and topology, as well as through the (local) control of membrane coverage and
surface densities. The latter parameter is further explored and exploited in Chapter 5, where
I show local membrane patterning and domain templating by coupling the affinity of DNA
nanostructures for lipid phases to the degree of membrane surface coverage.

4.3 Dynamic patterning allows cargo transport between
lipid domains

The ability to pattern biomimetic membranes through the programmable partitioning of
DNA nanostructures can be readily coupled to the dynamic reconfigurability of nucleic-acid
devices. In turn, the redistribution of DNA receptors can mediate cargo transport and herd-
ing across the surface of cell-sized GUVs. I demonstrated this synergy by developing a
bio-inspired, membrane-bound, and responsive DNA architecture, schematically depicted in
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Figure 4.10, capable of undergoing dynamic reconfiguration. Triggered by the presence of
molecular cues via toehold-mediated strand displacement [93], the DNA device redistributes
a fluorescent cargo within the surface of GUVs by adopting programmed partitioning states.
In this system, the reconfiguration mechanism exploits domains δ1,δ2,α1, and α2 to drive
toeholding reactions upon their sequential exposure to oligonucleotides, evoking the mor-
phological adaptation of two-component biological receptors undergoing ligand-induced
dimerisation [27, 28].

The correct activity of the molecular circuit, and thus the reconfiguration processes
associated to it, was investigated by means of Agarose Gel Electrophoresis (AGE). The
non-cholesterolised version of the architecture in State 2 was incubated upon the sequential
addition of Antifuel and Fuel strands to probe toehold pairs α1/δ1 and,α2,δ2 independently,
with waiting times of ∼ 15 minutes before the subsequent addition, in 0.5× excess with
respect to its prior step (e.g. S2 (1×) + Af1(1.5×) + F1(2×)) + Af1(2.5×)). Expectedly, as
presented in Figure 4.11, bands readily showed distinct migration patterns in the presence
of Antifuel/Fuel, thus confirming reconfiguration. Similarly, the emergence of a bright
band, just below the reference marker corresponding to 35 bp, indicated the accumulation
of waste (Fuel/Antifuel pairs). Note that reversibility is attainable at least for one cycle.
Indeed, within the experimental timescale of ∼ 3 hrs, the α1/δ1 (right) toehold pair achieves
two cycles of reconfiguration, yet α2/δ2 do not show the last reaction going to completion,
thereby suggesting the presence of partial inefficiencies [238] and/or small thermodynamic
unbalances in the system.

Having confirmed the reconfiguration capabilities of the nanostructures, I interfaced the
responsive device with GUVs. Initially, the fluorescent linker (cargo) module is bound to
sT, leading to Ld-phase enrichment. In this configuration (State 1), the linker was prevented
from binding dC anchors, as its γ∗1 domain – complementary to γ1 on the dC module –
was protected with Antifuel1 strand of (domain) sequence δ1γ1α∗

1 . Importantly, the fp,Lo

values computed for GUVs with this configuration matched exactly the value measured
for vesicles lacking the dC-module, conveyed by a dashed line in Figure 4.12. The latter
confirms the absence of linker attachment to dC anchors. Subsequently, the addition of
Fuel1 displaced Antifuel1, in turn exposing γ∗1 and enabling it to bind dC on the bilayer. In
this new configuration (State 2), the nanostructures moved the fluorescent cargo towards
Lo. Exposure to Antifuel2 (α∗

2 γ2δ2) triggered the displacement of the linker from the sT
modules by initiating a toeholding reaction at domain α2. Here, State 3 emerged, and with
it, cargo redistribution with stronger affinity for the Lo phase. In addition, the partitioning
tendency of this configuration is aligned with the fp,Lo value extracted from vesicles in the
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Fig. 4.11 Agarose gel electrophoresis confirms toehold-mediated reconfiguration.
Agarose Gel Electrophoresis (AGE) of constructs described in Figure 4.10 (without hy-
drophobic modifications) showing the functionality of toehold domains (α2 and δ2, left; α1
and δ1, right). State 2 (S2) constructs were incubated with combinations of Antifuel1(2)
(Af1(2)) and Fuel1(2) (F1(2)) strands, as indicated in each lane and intensity profile, to probe
the reconfiguration process. Expectedly, bands show different migration distances in the
presence of Antifuel/Fuel, confirming nanostructure reconfiguration.

absence of sT (dot-dash line in Figure 4.12), which demonstrates near-complete progression
of the toeholding reaction. Finally, sequential addition of Fuel2 and Antifuel1 reversed
the configuration of the nano-devices back to States 2 and then 1, moving the fluorescent
cargo back to its initial Ld preference. However, the fp,Lo values remained slightly higher
than those recorded at first. This again points at incomplete reversibility, potentially due to
partial inefficiencies in the reverse toeholding reactions [238], or to a small thermodynamic
unbalance favouring State 3 over State 1.

Importantly, the system was allowed to fully equilibrate after the addition of Fuel/Antifuel
strands before the acquisition of data in Figure 4.12. In fact, the timescale for equilibration of
the reconfiguration process is ∼5 minutes, as shown in Figure 4.13 with the time-evolution
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Fig. 4.12 Toehold-mediated strand displacement enables cargo transport between lipid
domains via lateral redistribution to programmed partitioned states. a. Evolution of
the partitioning tendency of the fluorescent DNA cargo, conveyed by fp,Lo box-scatter plots,
at various time points after a delay time for equilibration upon the addition of Fuel/Antifuel
strands. The light blue dashed line marks the mean fp,Lo of the cargo hybridised to the sT-
bearing module and in the absence of the dC-anchoring module, while the red dash-dot line
that of the cargo hybridised to the dC-bearing module and in the absence of the sT anchoring
module. The dotted line indicates no partitioning ( fp,Lo = 0.5, ∆Gp,Lo = 0). b. Representative
confocal micrographs of DNA-functionalised GUVs over time, showcasing the distinct
partitioned states attained by the system. The Ld phase was labelled with TexasRed (red),
and DNA constructs (Alexa488) in cyan. Scale bars = 10 µm.

of an individual GUV where the nanostructures transition from State 1 to State 2 upon Fuel
addition.

Three possible processes could limit nanostructure redistribution kinetics: i) the diffusion
time of Fuel/Antifuel strands in the bulk, ii) the rate of the strand displacement reactions,
and iii) the diffusion time for redistribution of membrane-anchored constructs. In view
of the relevant length scales (mm) and the diffusion coefficient of free oligonucleotides at
room temperature [239], the time-scales of i) are expected to be in the order of hundreds to
thousands of seconds. Process ii), considering the concentrations of Fuel/Antifuel (100-300
nM) and the typical second-order rate constants for toehold-mediated displacement (∼ 106

M−1 s−1 [240, 93]), should progress over tens to hundreds of seconds, while iii) should
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Fig. 4.13 DNA nanostructure reconfiguration and redistribution reaches equilibrium
in hundreds of seconds. Time-evolution of fp,Lo for an individual GUV undergoing lateral
re-organisation of the fluorescent cargo in our responsive nano-device upon adding Fuel1,
which switches the nanostructures from State 1 to State 2. The orange dashed line is an
empirical fit to an exponential of the form A−B ·exp(−t/τ), and the dotted line indicates no
partitioning (fp,Lo = 0.5). The fitted characteristic redistribution time is τ ∼ 5±3 minutes.

occur over tens of seconds given the diffusion coefficient of membrane-anchored DNA
nanostructures [123, 124].

Therefore, it is possible to conclude that i) is most likely the rate-limiting process in the
redistribution of the nanostructures, compatible with the measured relaxation timescales of
∼ 5 minutes. In turn, the equilibration timescale of the DNA nano-devices is comparable to
that of biological membrane machinery at play in the recruitment of receptors upon T-cell
activation [241] and clathrin-mediated endocytosis [230, 26], both ranging between tens to
hundreds of seconds.

It is also important to note that State 1 and State 3 showed a lower tendency to enrich the
Ld and Lo phases, respectively, compared to their sT and dC analogues in Figure 4.3, which
likely results from the slight increase in size of the responsive modules (and thus greater
steric encumbrance), discussed in Section 4.2 with respect to Figure 4.8.

4.4 Chapter Summary and Outlook

In this chapter, I introduced a modular approach to engineer the lateral distribution of
amphiphilic DNA nanostructures between co-existing domains of biomimetic membranes.
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Fig. 4.14 Static and dynamic engineering of partitioning states across the free-energy
landscape by prescribing anchor combination and nanostructure morphology. a. Sum-
mary graph demonstrating the mean fp,Lo ± standard deviations of several membrane-
associated DNA nanostructures as a function of their measured free energy of partition-
ing (∆Gp,Lo). The effect of anchor coupling, size, and geometry is showcased. Arrows
connect programmed partitioned states achieved by the responsive nano-device discussed
in Figures 4.10 and 4.12. b. The partitioning free energy of DNA nanostructures is to a
good approximation additive in contributions from individual anchoring motifs, as shown
for several multi-anchor nanostructures with the means ± standard deviations of measured
∆Gp,Lo vs those predicted with Eq. 4.3.

By exploiting the ability of cholesterol and tocopherol moieties to enrich different lipid
phases, I have produced a range of nano-devices that adopt partitioning behaviours that span
the free energy landscape, from a ∼ 80% preference for Lo to a ∼ 85% partitioning in Ld, as
summarised in Figure 4.14a. In turn, the predictability of the partitioning behaviour of bilayer-
anchored nanostrucures, as computed from Eq. 4.3, shows that – to a good approximation
– ∆Gp,Lo is additive in the contributions from individual anchors, which offers a design
guiding principle. Interestingly, small non-additive contributions emerge to different extents,
dependent on system specific anchor chemistry and membrane composition, hinting at (anti)
cooperative effects, while excluded-volume effects can be leveraged for bulkier motifs and
higher surface densities of DNA receptors. Similarly, the same (or analogous) design criteria
can be applied to membrane inclusions different from (amphiphilic) DNA architectures,
such as peripheral and integral proteins, to rationally impact their co-localisation capabilities
within membrane domains [242, 243].

The modularity of this strategy allows for controllable and dynamic patterning of
biomimetic membranes, through the emergence of distinct partitioning states upon modifying
the nanostructures’ anchor content in response to molecular cues. The latter was demonstrated
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by programmably transporting fluorescent cargoes between the domains of phase-separated
GUVs, reminiscent of the spatio-temporal regulation of membrane proteins [244–247]. This
approach can be further extended to respond to other physico-chemical stimuli by incorporat-
ing motifs such as aptamers [248], DNAzymes [65], G-quadruplexes [249], pH-responsive
moieties [250], and other functional DNA architectures [251, 252]. Moreover, the flexibility
of this DNA-based platform can be easily expanded to include hydrophobic tethers different
from cholesterol and tocopherol, such as alkyl chains [119], porphyrin [253], and azoben-
zene [135], which could allow for accessing a broader range of partitioning states and enable
responsiveness to a wider spectrum of stimuli.

Finally, my strategy can pave the way for next-generation biomimetic DNA devices for
bottom-up synthetic biology. I further explore and apply this concept in Chapter 5, where I
leverage the rational choice and localisation of anchors to achieve life-like functionalities
through membrane patterning and sculpting. Synthetic cellular systems featuring and ex-
ploiting these bio-inspired DNA-based pathways could in the long term find application in
high-tech therapeutics and diagnostic solutions. For example, stimuli-triggered reshuffling
of membrane-associated entities can unlock highly sought functionalities such as signal
transduction, communication, and (local) membrane re-modeling [141]. One could envisage
stimuli-induced co-localisation of synthetic receptors that trigger artificial signalling cas-
cades [157] and herding of biomimetic machinery capable of influencing local membrane
curvature, thus directing morphological re-structuring such as tubular growth [254] and
exosome/endosome budding [150, 255, 256].



Chapter 5

Controlling domain morphology in
biomimetic membranes with DNA-based
line-actants

Functional synthetic cellular membranes are key to unlocking to highly-coveted sensing and
signal transduction pathways in biomimetic systems [106, 13, 14, 104, 105, 12]. Biological
membranes have been shown to possess a propensity to de-mix [257–259], which has been
proposed as a means to modulate the spatio-temporal distribution of cell-surface machin-
ery [37, 30, 35]. Lipid homeostasis allows cells to tightly regulate the composition of their
membranes in response to various physical and chemical cues [260–263], and it is hypothe-
sised to keep them hovering in a state close to the thermodynamic critical point for phase
separation [259, 46, 264]. Besides this out-of-equilibrium mechanism of control, the phase
behaviour of membranes is also reliant on inclusions whose physico-chemical properties al-
low them to accumulate at the line-interface between co-existing phases [265, 245, 247, 243],
thus relaxing the tension arising from the hydrophobic mismatch between ordered and disor-
dered phases. Their line-activity has broader implications on lateral membrane organisation
by modulating the emergence, size, and dynamics of lipid domains [266–270]. In the absence
of active pathways capable of tuning lipid compositions of artificial-cell membranes, the
development of synthetic line-actants represents a necessary stepping-stone in our quest to
replicate the emergent phenomenology of biological interfaces.

In this chapter, I introduce a first-of-its-kind line-active DNA nanostructure. By coupling
my platform to modulate the lateral distribution of DNA receptors [159] to the DNA origami
methodology [70], I was able to engineer membrane-bound devices with prescribed number
and location of hydrophobic anchor points. The affinity of the anchors for Lo and Ld phases
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allowed the DNA nanostructures to accumulate at the line-interface between co-existing
phases of de-mixed cell-sized GUVs. The DNA line-active agents are shown to sculpt
two-dimensional microemulsions by stabilising lipid domains against coalescence.

5.1 Design of line-acting DNA architectures

The DNA origami technology has enabled the construction of nanostructures of near-arbitrary
shape in two and three dimensions with molecular precision [70, 71]. The simple, yet robust,
Rothemund Rectangular Origami (RRO) has gained popularity as a nano-scale "molecular
breadboard". In particular, it has been deployed as proof-of-concept reference platform in
technologies that enable super-resolution microscopy [164, 271–273], which has introduced
software tools that ease the tuning of its design and functionality.

Figure 5.1a illustrates the rectangular tiles, which consist of a single-layer origami archi-
tecture with dimensions of 90× 70 nm. DNA plates self-assembled in a one-pot reaction,
described in Section 2.2.3, where the scaffold and staples were subjected to a slow tem-
perature quenching ramp. Agarose gel electrophoresis (AGE) of annealed nanostructures
showed a shift in the migration distance when compared to the scaffold annealed in the
absence of staples (Figure 5.1b,c), thus indicating the incorporation of staple strands to the
scaffold. Conversely, as shown in Figure 5.1d with a representative micrograph, atomic force
microscopy (AFM) verified their correct assembly into rectangular topologies.

It is key to the line-actant design to compare the size of the DNA nanostructures with the
finite thickness of the interface between the two phases. The width of the interface can be
estimated by the correlation length (ξ ), derived as [48]

ξ ≈ A
∣∣∣∣T −Tc

Tc

∣∣∣∣−ν

(5.1)

where ν is a critical exponent, A is an amplitude factor, T is the temperature, and Tc

is the critical temperature, defined as that where membranes with a suitable composition
Φc exhibit fluctuations with length scales that diverge and the line tension vanishes. The
critical exponent has been shown, within experimental error, to be consistent with the 2-D
Ising model prediction of ν = 1 [48], while the amplitude factor (A) is given by A = f (+) ·ξ0

for T > Tc or A = f (−) · ξ0 for T < Tc, with f (+) ≈ 0.5, f (−) ≈ 0.17, and ξ0 ≈ 1 nm (in
the order of the lipid diameter) [50]. For phase-separating membranes with a miscibility
transition temperature (Tm) which lies close to that of the critical temperature, Tm ∼ Tc can
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Fig. 5.1 The origami methodology allows to assemble DNA-based tiles with pro-
grammable functionality. a. Schematic representation of the top and side views of the
Rothemund Rectangular Origami (RRO), as computed by Cando [79, 274]. b. Micrograph
of agarose gel electrophoresis of scaffold, staples, and origami assembled from mixtures
of scaffold and staples annealed with the quenching protocol described in Section 2.2.3.
c. Intensity profiles of image in panel (b) showing the migration pattern of the scaffold,
staples, and the folded origami. d. Atomic force micrograph confirming the assembly of
nanostructures with rectangular conformations. Scale bar = 100 nm.

be assumed. In the case of vesicles prepared at 4:4:2 (DOPC/DPPC/Chol), Tm (∼ 33±1◦C)
has been shown to change only slightly with composition [51], thus suggesting proximity to
the critical point (Φc,Tc). Therefore, one can obtain a sufficiently good approximation of ξ

at room temperature (T ∼ 25◦ C) with Eq. 5.1 using Tm ≈ Tc, leading to an estimated width
of the interface of ∼ 8 nm.

As discussed in Chapter 4, the free energies of partitioning double-cholesterol (dC) and
single tocopherol (sT) motifs in de-mixed bilayers provide a simple design principle to
program the lateral distribution of membrane inclusions. In particular, I have shown that
dC anchors have a moderate tendency for partitioning in Lo (∆GdC

p,Lo
≈−0.8kBT ) while sT

anchors have a stronger preference for Ld (∆GsT
p,Lo

≈ 1.9kBT ). It can therefore be expected
that a DNA nanostructure decorated with a sufficiently high number of dC and sT anchors
could act as line-actant. To this end, it is important that same-type anchors are close together
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Fig. 5.2 DNA nanostructures with affinity for both Lo and Ld phases via rationally-
positioned multiple anchoring points accumulate at the line-interface. DNA origami
featuring staples with overhangs of sequence domains δ1∗ and δ2∗ can bind sT and dC
anchoring modules, respetively, in de-mixed membranes. The strong affinity that each set of
anchors has for Ld and Lo phases, coupled to the ∼ 30 nm spacing between them, allows the
nanostructure to locate at the line-interface between co-existing Lo-Ld domains.

and separated from those with opposite partitioning tendency by a distance exceeding the
width of the line-interface, as shown in Figure 5.2.

The RRO allows for rationally arranging binding points for the hydrophobic anchors in an
hexagonal lattice with spacing of 5 nm, as enabled by Picasso [164]. In the design I propose,
shown in Figure 5.3, two sets of 12 overhangs were extended on the same face of the plate
to feature sticky-ends with domains of sequence δ1∗ or δ2∗, able to bind complementary
overhangs in sT and dC-anchoring modules, respectively. The overhangs, shaded in red
(sT) and blue (dC) in the grid, are distributed across the long axis of the rectangular plate.
Docking strands targeting the same type of module are separated from neighbouring anchor-
points by ∼ 10 nm, while the dC and sT anchoring regions are spaced at a distance of
∼ 30 nm. Through this arrangement, each set of anchor modules can be accommodated in
their respective preferred phase while separated by a distance larger than the estimated width
of the line-interface (∼ 8nm), as depicted schematically in Figure 5.2.
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Fig. 5.3 The rational modification of staples allows to position anchoring points in DNA
tiles at defined locations and distances. DNA plates can be functionalised by rationally
addressing staples. A hexagonal grid can be used to rationalise the arrangement of staples
throughout the origami, where each hexagon corresponds to the 3’ terminus of each staple.
Selected staples can be extended so to include a sticky-end overhang with complementarity
to dC (blue) or sT anchors (red) through domains δ1∗ and δ2∗, respectively. Overhangs
targeting the same type of anchoring point are spaced by ∼ 10 nm, while each set of anchors
are at a distance of ∼ 30 nm.

5.2 Interfacing line-active DNA devices with biomimetic
membranes

The surface of phase-separated GUVs, prepared at compositions of 4:4:2 (DOPC/DPPC/Chol),
was decorated with DNA origami plates in a two-step functionalisation process (see Sec-
tion 2.3.2). Initially, DNA anchoring modules bearing either dC or sT were tethered to
the lipid bilayer. These nanostructures featured single-stranded sticky-ends, with either
domains δ1 or δ2, capable of binding and recruiting the origami plates through sequence
complementarity. Secondly, DNA-decorated vesicles were supplemented with origami plates.
DNA plates were labelled with (8×) fluorescent oligonucleotides (Alexa488), located on
the opposite face compared to that hosting the anchors, while vesicles were doped with
TexasRed-DHPE at 0.8% molar ratio, thus allowing to monitor their distribution by means of
confocal microscropy.

Confocal micrographs, such as those included in Figure 5.4, readily confirm the ability
of the origami to partition to lipid domains. DNA plates featuring only dC-targeting docking
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Fig. 5.4 Multiple anchoring points strengthen the partitioning of DNA origami plates.
Partitioning, shown via fp,Lo box-scatter plots, of DNA plates featuring overhangs that bind
either 12 single-tocopherol (12×sT) or 12 double-cholesterol (12×dC) anchor modules,
compared against the mean fp,Lo achieved by their duplex (dashed lines: blue for dC; red for
sT) and nanostar (dot-dash lines: blue for dC; red for sT) counterparts [159]. The dotted line
indicates no partitioning (fp,Lo = 0.5, ∆Gp,Lo = 0). The docking strand location is depicted on
the hexagonal grid for dC (blue, left) and sT (red, right) alongside representative confocal
micrographs of DNA-decorated GUVs. The Ld phase was labelled with TexasRed (red), and
DNA origami (cyan) with Alexa488. Scale bars = 10 µm.

strands were readily recruited to Lo phases, with f 12×dC
p,Lo

≈ 0.73. In turn, origami capable of
targeting only sT modules strongly partitioned to the Ld, achieving f 12×sT

p,Lo
≈ 0.12.

When applying Eq. 4.3 to the design details of the nanostructure, the estimated free ener-
gies of partitioning for each version of the plates are ∆G12×dC

p,Lo
≈−9.6kBT and ∆G12×sT

p,Lo
≈

22.8kBT , leading to expected lateral distributions that achieve f 12×dC
p,Lo

∼ 0.99 and f 12×sT
p,Lo

∼
0.01. The observed weaker partitioning could follow from the emergence of non-additive
deviations and/or the inefficient incorporation of staples to the origami, thus resulting in fewer
anchoring points than intended. The latter can be accounted for thanks to the contribution
of Jungmann and co-workers [271], which mapped the incorporation efficiencies of each
staple into the nanostructure. Thus, the corrected free energies that consider the probability
of staple incorporation are ∆G12×dC

p,Lo
≈ −7.6kBT and ∆G12×sT

p,Lo
≈ 18.8kBT . These values,

however, should still induce complete partitioning, indicating that less-than-ideal anchor
attachment is unlikely to account for the observed weakened partitioning.

The other effect that could induce incomplete partitioning are steric interactions, which are
likely to be prominent given the size of the origami compared to the anchor-modules. Vesicles
were functionalised with nanostructures at densities similar to that of nanostars in Section 4.2,
and indeed their lateral distribution is consistent with my previous observations on the
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Fig. 5.5 DNA plates with rationally-positioned binding sites for multiple sT and dC
anchor modules enrich the line-interface of de-mixed GUVs. Schematic depiction of
the Lo −Ld interface of de-mixed GUVs enriched with DNA origami plates tethered to the
membrane via multiple spatially-defined sT and dC anchoring points. 3D view of a phase-
separated vesicle with a Janus-like morphology showing line-accumulation of fluorescent
(Alexa488) DNA plates, as reconstructed from a confocal z-stack using Volume Viewer
(FIJI [236]) with (right) and without (left) contrast enhancement. Scale bar = 10 µm.

emergence of non-additive contributions to the free energy of partitioning due to excluded
volume interactions, suggesting a non-dilute regime for the origami at this DNA/lipid molar
ratio (∼ 4×10−4). Importantly, the DNA plates achieve higher fp,Lo values than their duplex
and nanostar counterparts, thus confirming their strengthened partitioning capabilities due to
the large number of anchors which partially compensates for steric repulsion.

In order to achieve line accumulation, both dC and sT modules were anchored to de-
mixed vesicles and supplemented with origami bearing all 24 docking overhangs. A much
lower concentration of anchors (DNA/lipid molar ratio ∼ 7×10−5), and therefore origami,
was chosen because it is expected that at higher coverage the origami would soon saturate
the interface and preferentially accumulate in Ld owing to the stronger affinity for that phase
compared with Lo. At low surface coverages, one can instead expect interface accumulation
to be detectable in confocal microscopy. In addition, to prevent artefacts associated to
the bleed-through of TexasRed signal into the DNA channel discussed in Section 2.5, the
vesicles were prepared without the fluorescent lipid marker so as to not obscure the origami
(Alexa488) signal.

Under these conditions, line-accumulation was indeed observed, as demonstrated in Fig-
ure 5.5 with a 3D reconstruction from a confocal z-stack. In this case, the boundary of a GUV
with Janus-like morphology is clearly delineated by the fluorescent DNA plates. Interface-
accumulation was further assessed by quantitatively analysing confocal micrographs. As
outlined in Section 2.4.2 with a similar approach to computing fp,Lo , the boundaries between
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Fig. 5.6 DNA nanostructures with strong affinity for Lo and Ld phases accumulate at
the line-interface. a. Accumulation of membrane-bound DNA nanostructures, with both dC
and sT anchor-modules (top), at the line-interface is quantified via radial intensity profiles
of equatorial micrographs (bottom). The micrograph is shown with contrast enhancement
for clarity, while data analysis was performed on micrographs without any post-processing.
Scale bar = 10 µm. b. Line accumulation as conveyed by a plot of the average intensity
profile of n = 3 DNA-decorated GUVs (i.e. 6 registered interfaces) as a function of distance
from the interface. The data has been normalised to the mean intensity of the Ld phase.

phases were identified and registered from the radial intensity profile of equatorial micro-
graphs (Figure 5.6a), providing a quantitative description of accumulation as a function of
distance from the interface. Figure 5.6b shows a plot of the average intensity profile of n = 6
interfaces from GUVs decorated with 12× dC-sT plates, normalised to the mean intensity
of the Ld phase. While more statistics could help in achieving a smoother profile, the curve
has a clear peak at the location of the interface (x = 0), thus confirming accumulation at the
interface.

5.3 Lipid domain sculpting with DNA-based line-actants

Line-active membrane inclusions usually include hybrid lipids and integral membrane pro-
teins, whose affinity for both Lo and Ld phases as well as structural properties (e.g. specific
lengths of transmembrane domains), help in relaxing the hydrophobic mismatch between
co-existing phases [243, 266]. In addition, larger objects have been shown to behave as
line-actants, as done via coarse-grained simulations for nanoparticles that stabilise lipid
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Fig. 5.7 Line-active DNA nanostructures stabilise lipid domains in de-mixed mem-
branes. a. (Top) Representative epifluorescence micrograph of a de-mixed GUV showing
stable lipid domains ∼ 3 hours after phase separation in the presence of DNA line-actants.
(Bottom) Representative epifluorescence micrograph of GUV lacking line-active DNA nanos-
tructures, where coalescence leads to two macroscopic Lo and Ld domains. Fluorescent
marker is TexasRed-DHPE, which partitions to the Ld phase. Scale bars = 10 µm. b. Line-
activity as conveyed by a plot of the fraction of GUVs with more than two domains with
respect to Janus-looking vesicles (F). As shown in the graphical legend, lipid membranes
were functionalised with dC and/or sT modules as well as with (or without) DNA plates
featuring overhangs that target either dC (blue), sT (red), or both modules.

domains by clustering at the boundaries between co-existing phases [275].

I have thus investigated the ability of DNA nanostructures to stabilise lipid domains
against coalesce through line-action. To this end, de-mixed GUVs were functionalised with
line-accumulating origami plates. Subsequently, using a Peltier element, the vesicles were
heated to ∼ 37◦ C, well above their miscibility transition temperature, so to induce lipid
mixing. After equilibration at high temperatures for ∼ 5 minutes, the sample was quenched
back to room temperature (T = 25◦ C) where de-mixing could occur.

In GUVs prepared at 4:4:2 (DOPC/DPPC/Chol) membrane de-mixing usually equili-
brates to two macroscopic Lo and Ld domains resulting in Janus-like morphologies. In
turn, the presence of line-active inclusions would allow smaller lipid domains to retain
stability against coalescence. Indeed, as shown in Figure 5.7 with representative epifluo-
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Fig. 5.8 Line-active DNA nanostructures sculpt lipid domains by accumulating at the
line-interface. Line-accumulation of DNA nanostructures scaffolds lipid domains and
renders them stable against coalescence, as shown with a 3D view of a reconstructed
phase-separated vesicle after quenching below the miscibility transition temperature. Line-
accumulation of fluorescent (Alexa488) DNA plates is readily noticeable, showing stable
domains rendered from a confocal z-stack using Volume Viewer (FIJI [236]) with (right) and
without (left) contrast enhancement. Scale bar = 10 µm.

rescence micrographs, vesicles decorated with 12×dC-sT plates showed the emergence of
two-dimensional micromulsions, where multiple, smaller lipid domains prevail even ∼ 3 hrs
after quenching below the miscibility transition temperature. Conversely, vesicles lacking
line-accumulating DNA tiles would de-mix and equilibrate to single-domain co-existing
phases, consistent with the Janus-like morphologies usually observed in GUVs prepared at
these lipid compositions. The ability of line-actant DNA origami to stabilise lipid domains
was quantified by comparing the number of non-Janus vesicles (i.e. those having more than
two domains) against that of Janus-like vesicles in epifluorescence micrographs, as described
in Section 2.4.3.

Figure 5.7b summarises the effect with a plot of the fraction of GUVs with more than
two Lo or Ld stable domains (F), which demonstrates that line-action is indeed only present
when membranes are decorated with dC and sT anchor-modules as well as plates that target
both of them. Specifically, when functionalised membranes lack either the dC/sT anchors or
the tiles, or the origami is prepared omitting the overhangs to target either dC or sT, vesicles
would mostly equilibrate to Janus-like morphologies (two macroscopic domains) upon de-
mixing. Similarly, vesicles lacking TexasRed and decorated with fluorescent line-acting
origami were subjected to an analogous heating-cooling program and inspected with confocal
microscopy. Domain stabilisation could be detected, and in instances where origami coverage
was sufficiently low, line-accumulation was confirmed at the boundaries of scaffolded lipid
domains, as shown in Figure 5.8 with a 3D view from a confocal z-stack reconstruction.
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Fig. 5.9 Lipid domain sculpting is modulated by membrane surface coverage. The
ability of DNA nanostructures to scaffold and stabilise lipid domains through line-action can
be regulated by the degree of membrane coverage, as shown with a plot of the fraction of
GUVs with more than two domains with respect to Janus-looking vesicles (F) as a function
of reduced surface coverage (ρ). The data are compared to the mean value of F calculated
for vesicles bearing only the dC and sT anchor modules (dashed line) or an inert fluorescent
duplex anchored through dC (solid line).

Two possible effects could account for lipid domain stabilisation: i) a decrease in line
tension, and ii) arrested domains through steric repulsion. While line accumulation demon-
strates a reduction in line tension, it is likely that this is not the dominant pathway for domain
stabilisation. If line tension were the sole driver for stabilisation, one would expect domains
to spontaneously emulsify upon the addition of line-actant origami. Conversely, domain
stabilisation could be driven by steric repulsion, where the origami line-actants prevent the
line interfaces from colliding and coalescing, thus arresting domains at smaller sizes. It is
therefore likely that both effects play a role in the stabilising of lipid domains. These stabili-
sation pathways can be furthered explored in future by directly measuring the line tension
with fluctuation spectroscopy of the line-interface [48], and by updating the origami design
so to enhance or reduce steric repulsion, respectively, with bulkier or smaller nanostructures.

Finally, GUVs were functionalised with line-active DNA nanostructures at increasing
DNA/lipid ratios, ranging from ∼ 7×10−5 to 8×10−4, and thus achieving increasing surface
densities. As collated in Figure 5.9, high values of surface coverage readily stabilise domains
against coalescence, while low densities of origami were not sufficient for small domains
to prevail after ∼ 3 hours, consistent with a minimum amount of line-actants necessary
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to support the emergence of membrane microemulsions [276]. Conversely, intermediate
densities lead to the stabilisation of domains in only a fraction of vesicles, that also carries
relatively high uncertainties. The latter may follow from the statistical variability of mem-
brane functionalisation, which could produce some vesicles with surface coverage densities
below the threshold for domain stabilisation co-existing with GUVs that feature sufficient
line-active DNA devices for sculpting lipid domains.

5.4 Chapter summary and outlook

In this chapter, I have presented the very first synthetic DNA-based line-actants, self-
assembled from DNA origami plates with membrane-binding capabilities. Line accumulation
is achieved through the rational positioning of multiple anchoring points with affinities for
Lo and Ld phases. The behaviour is underpinned by the location of membrane inclusions
at defined distances, achieved by the origami plate, coupled to the additive free energy of
partitioning of each anchoring module, thus inducing absolute free energy shifts for each
set of anchors that are much greater than thermal energy (|∆Gp,Lo| ≫ kBT ). In turn, through
their line-action, I showed that nanostructures scaffold and sculpt emerging lipid domains
that are stable against coalescence, achieving emulsified microdomains (two-dimensional
microemulsions) and hence influencing domain morphology. Future work will quantitatively
investigate the reduction in line tension, which can for example be approached with fluctua-
tion analysis of the line-interface [48].

The stabilising effect on lipid domains was shown to depend on membrane surface
coverage akin to the effect of increasing line-active lipids in model membranes [276], thus
providing a handle to exploit the line-activity of DNA architectures. In addition, I demon-
strate that their functionality is modular, and the absence of one of the components that
enables line-accumulation completely suppresses line-action. This traces a simple route to
modulate the emergence or dissolution of microemulsions by triggering the (dis)assembly
of line-actants on the membrane. In this case, dynamic reconfiguration and responsiveness
can be achieved through straightforward design updates to incorporate toeholding mecha-
nisms [93] or motifs such as aptamers [248], DNAzymes [65], G-quadruplexes [249], or
pH-responsive architectures [250], allowing to target a wide variety of physico-chemical
stimuli. In turn, the topology of the origami can be tuned to bestow nanostructures with
different degrees of curvature [141], which could enable fine control over the shape and
size distribution of stable domains, for instance, through self-limiting polymerisation of
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line-actants.

Finally, the development of synthetic line-active DNA devices that can exploit the
advantages of DNA nanotechnology represents a landmark in the pursuit of biomimetic
functionalities for artificial cell science. Aside from their implications on engineering
pathways for signal transduction, molecular trafficking, and inter-cellular communication,
DNA-based line-active agents could pave the way for the development of mechanisms that
mimic cytokinesis in synthetic cells. Indeed, line tension has been shown to drive fission of
phase-separated vesicles with sufficient excess surface area [277]. One can envisage DNA
line-actants that modulate fission events, analogous to those mediated by phospholipase
A2 [269], upon triggered disassembly via dynamic reconfiguration in response to chemical
cues.





Chapter 6

Membrane phase transitions mediate a
pathway for proto-cellular content
reshuffling

Synthetic cells hold potential beyond the replication of life-like functionalities desirable in
various technological contexts, as they also constitute a simplified platform to study and
unveil biological processes in the absence of physiological complexity [4]. In addition to
emulating life-like behaviours, they can be employed to unravel mechanisms that may have
underpinned the emergence of life in early Earth [8]. In fact, various proto-cellular models
have been proposed, composed of prebiotically-plausible self-assembling amphiphiles often
featuring single-chain fatty acids [278], alongside several mechanisms for their growth and
division [279–281], suggesting potential avenues for life to evolve towards the biological
machinery known to mediate "modern" cell cycles.

In this chapter, I present the results of a collaborative research endeavour performed with
Dr. Claudia Bonfio (Institute of Supramolecular Science and Engineering, ISIS), where we
exploit the rich phase behaviour of prebiotically-plausible fatty acids and propose a path-
way for proto-cellular content reshuffling in primitive cells [160]. By subjecting fatty-acid
vesicles to heating-cooling cycles, we unveiled temperature-driven pH changes in buffering
solutions that lead to morphological re-structuring in fatty-acid assemblies. Amphiphile re-
organisation is underpinned by phase transitions, and mediates content release and re-uptake.
In addition, this process was shown to be modulated with prebiotically-relevant additives,
and demonstrated to enable both membrane and cytosolic content reshuffling, leading to
cohorts of daughter proto-cells with potentially enhanced functionalities.
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Fig. 6.1 Thermal oscillations induce morphological re-structuring in MA vesicles.
Fluorescently-labelled extruded MA vesicles, subjected to a heating-cooling temperature
ramp (25◦C −→ 90◦C −→ 25◦C), and imaged with epifluorescence microscopy. At low tem-
peratures (T = 25◦C), fatty-acid vesicles retain colloidal stability. At high temperatures (T =
90◦C), faceted fatty-acid structures emerge, indicating morphological re-structuring, which
then grow upon incubation. When cooled down to room temperature, further re-organisation
induces the generation of giant and polydisperse vesicles. Scale bars = 10 µm.

6.1 Membrane re-organisation driven by pH-induced phase
transitions

Fatty-acid based compartments have been shown to sustain prebiotically-relevant processes,
ranging from non-enzymatic replication of RNA molecules [282–284], to the activation
of building blocks [285] and metal-based catalysis [286], hinting at the ability of these
proto-cells to initiate life-like behaviours. Mansy and Szostak conducted a systematic study
on the thermal stability of various fatty-acid proto-cellular systems [283], and identified that
exposure to high temperatures (>50◦C) led to the release of encapsulated content. The latter
suggested that these assemblies lack stability against thermal oscillations, and therefore that
proto-cells derived from them could only host prebiotically-relevant reactions in a narrow
range of (non-fluctuating) environmental conditions – a notion that is incompatible with the
(moderate) thermal gradients that would have likely existed in early Earth due to day-night
cycles and in hydrothermal environments [287–289].

Therefore, we considered important to verify whether changes in membrane morphology
could account for the behaviour observed for fatty-acid vesicles exposed to thermal oscilla-
tions. For this purpose, myristoleic acid (MA) was chosen as a proxy for self-assembling
amphiphiles [284]. A buffered solution of MA-extruded vesicles, labelled with the lipophilic
probe NileRed, was subjected to a temperature ramp and imaged with epifluorescence mi-
croscopy at low and high temperatures. Fluorescence micrographs, such as those collated
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Fig. 6.2 Temperature-driven fatty-acid phase transitions induce membrane disassem-
bly and re-assembly. Non-extruded, fluorescently-labelled, MA vesicles, subjected to a
heating-cooling temperature ramp (25◦C −→ 90◦C −→ 25◦C), and imaged with epifluores-
cence microscopy. a. Upon heating, fatty-acid vesicles exhibit a dynamic behaviour, and
elongate at sufficiently high temperatures (T ≈ 81◦C). Vesicles then convert to aggregates,
which coalesce upon incubation at T = 90◦C. b. During cooling, aggregates are still able
to coalesce and grow. At sufficiently low temperatures (T ≈ 45◦C), undulations at the
water-lipid interface lead to membrane budding, and subsequently the generation of daughter
vesicles. Scale bars = 10 µm.

in Figure 6.1 show a fluorescent background at room temperature (T = 25◦C), consistent
with the sub-diffraction size of the vesicles and their labelled membranes. The vesicles were
subsequently heated to 90◦C at a rate of 0.1◦C · s−1, where faceted fatty-acid structures were
readily noticeable. Interestingly, the structures seemed to grow in size after incubation for
15 minutes at high temperatures. In turn, when imaged back at room temperature, giant and
polydisperse vesicle assemblies were observed, suggesting morphological re-organisation
driven by temperature changes.

To better understand the emergence of structures with tens of microns in size at high
temperatures, non-extruded MA vesicles were then subjected to the same heating-cooling
cycle. In this case, micrographs were acquired throughout the heating and cooling ramps,
thus following vesicle response to thermal changes, as collated in Figure 6.2. Along the
heating ramp, the vesicles exhibited an increasingly dynamic behaviour, and, at sufficiently
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Fig. 6.3 pH-driven self-assembly of fatty acids. Fatty acids dispersed in aqueous solutions
can self-assemble into a wide variety of supramolecular structures, as driven by the pH of the
dispersant. When the pH is close to the acid dissociation constant (pKa), hydrogen bonding
between ionised and non-ionised fatty-acid species leads to the formation of stable bilayers.
Conversely, in solutions with pH values much lower or higher than the pKa, complete
(de)ionisation favours the emergence of oil droplets or micelles, respectively. At intermediate
pH values, multilamellar, as well as cubic and hexagonal phases, have been shown, thus
showcasing the rich phase behaviour of fatty acids.

high temperatures (T ≈ 81◦C), they adopted an elongated shape, likely due to the thermal
expansion of the bilayers and consequent excess surface area [120]. Eventually, bilayer mem-
branes collapsed and began coalescing with nearby assemblies into fatty-acid aggregates.
Incubation at 90◦C for 15 minutes allowed them to continue to coalesce so as to minimise
the interfacial energy, leading to structures of several tens of microns in size. Conversely,
when cooling down to room temperature, membrane budding from the water-lipid interface
generated daughter fatty-acid vesicles.

Morphological re-structuring of the fatty-acid assemblies, ultimately leading to the for-
mation of second-generation vesicles, was presumed to be underpinned by phase transitions.
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Fig. 6.4 Spectroscopic detection of fatty-acid re-organisation. a. Turbidity profile for
non-fluorescent extruded (100 nm) MA vesicles, subjected to a heating-cooling (in red and
blue, respectively) temperature ramp (25◦C −→ 95◦C −→ 25◦C) acquired by means of
UV-Vis spectrophotometry (λ = 420 nm). At high temperatures (T = 95◦C), the sample
was allowed to equilibrate for 1 min before proceeding with the cooling ramp. b. Extruded
(100 nm) MA vesicles, labelled with the fluorescent probe Laurdan at 20 µM, subjected to a
heating-cooling (in red and blue, respectively) temperature ramp (25◦C −→ 95◦C −→ 25◦C).
Fluorescence intensity was acquired with λexc = 350 nm and λem = 426 nm and 496 nm. The
intensity ratio (I496/I426) is shown to indicate the change in lipid packing as a function of
temperature.

Indeed, single-chain fatty-acids are known to possess a rich phase behaviour and can thus
display different phases when compared to "modern" phospholipids [290]. As depicted in
Figure 6.3, fatty acids can self-assemble into a wide range of aggregates, as determined
by the pH of the solution in which they are dispersed. In a narrow window of pH values
close to their acid dissociation constant (pKa), partial ionisation of the fatty acids allows
them to sustain hydrogen bonds that enable the formation of bilayers. In turn, pH values
above or below the pKa only favour their spontaneous assembly into micelles or oil droplets,
respectively [290], while additional lamellar as well as cubic and hexagonal phases have
been observed for intermediate pH values [291, 292]. Given that the pKa of most functional
groups can be altered significantly with temperature [293], the reversible phase transitions
observed in MA vesicles were likely induced by temperature-driven pH changes upon heating
and cooling.

In order to shed light on the re-organisation steps of fatty-acid unilamellar bilayers into
dense aggregates, as observed with epifluorescence microscopy, bulk assays were performed
to detect changes in turbidity and lipid packing by means of UV-Vis spectrophotometry and
fluorimetry, respectively. For this purpose, a turbity profile was constructed for extruded
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Fig. 6.5 Temperature-induced pH fluctuations in buffering solutions Fluorescein, a pH-
sensitive probe, was used to assess the temperature-dependence of pH values in Tris (blue)
and Phosphate (red) buffers. a. The absorbance of fluroescein, collected at λ = 490 nm, was
monitored along a heating ramp (25◦C −→ 95◦C), showing a monotonic decrease. b. The
absorbance of fluorescein (at λ = 490 nm) was isothermally measured in both Tris (blue) and
Phosphate (red) at various pH values, indicating that lower absorbance values correspond to
lower pH.

(non-fluorescent) MA vesicles, as shown in Figure 6.4a. Temperature increase resulted in a
sharp increase of turbidity, indicative of fatty-acid morphological re-structuring into large
dense structures with high internal amphiphile fraction. In turn, fluorescence measurements
were performed on MA vesicles doped with Laurdan (0.04% molar ratio). Laurdan is a solva-
tochromic fluorescent probe with lipophilic character, routinely used to investigate packing
and other local structural properties of bilayer membranes [294] through the comparison
of its fluorescence intensity at λ = 496 nm and λ = 426 nm, thus allowing to shed light
on the presence of phase transitions. Figure 6.4b shows the Intensity ratio (I496/I426) of
Laurdan-labelled MA vesicles when imposing a heating-cooling temperature ramp. The sharp
decrease of the Intensity ratio, concurrent with the increase in absorbance in Figure 6.4a,
readily confirm that re-structuring is underpinned by a thermal-driven alteration of lipid
packing and membrane morphology. Absorbance and fluorescence measurements collected
during cooling also showed that the process is reversible.

In further support of this hypothesis, the temperature-dependence of the pH of phosphate
and Tris-HCl buffers was monitored upon heating (25◦C −→ 95◦C) by collecting the ab-
sorbance at λ = 490 nm of fluorescein, a pH-sensitive probe. As summarised in Figure 6.5a,
the absorbance decreases monotonically with increasing temperature, and the effect is more
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Fig. 6.6 Thermally-induced fatty-acid re-organisation is suppressed in phosphate
buffer. Fluorescently-labelled non-extruded MA vesicles, dispersed in phosphate buffer,
were subjected to a heating-cooling temperature ramp (25◦C −→ 90◦C −→ 25◦C), and
imaged with epifluorescence microscopy. The prevalence of fatty-acid vesicles, and absence
of droplets, at high temperatures T = 90◦C confirm thermally-induced pH changes that drive
morphological re-structuring. At low temperatures T = 25◦C, vesicles observed at high
temperatures are present, thus demonstrating their stability to the thermal cycle.

dramatic for Tris-HCl buffer. In turn, Figure 6.5b summarises a calibration curve constructed
by isothermally measuring the absorbance of fluroescein in both Tris-HCl and Phosphate so-
lutions at various pH values. It is readily noticeable that lower absorbance values correspond
to lower pH values, thus confirming that the temperature-induced monotonic decrease of
absorbance in Figure 6.5a can be attributed to a decrease in pH. While the buffering capacity
of phosphate was only mildly affected by the temperature increase, the pH of Tris-HCl
solutions decreased by nearly two units.

In order to corroborate the hypothesised role of temperature and pH in the phase tran-
sitions observed for myristoleic acid, a temperature ramp was performed on fatty-acid
membranes dispersed in phosphate buffer. As shown in Figure 6.7, vesicles retained their
morphology and colloidal stability at high temperatures, thus confirming that membrane
(dis)assembly is mediated by temperature-induced pH changes that trigger phase transitions.
Such observations suggest that MA vesicles dispersed in Tris-HCl buffers are destabilised
with increasing temperature, i.e., when the pH becomes to acidic to favour bilayer formation,
and thus re-organise into fatty-acid droplets. At high temperatures, coalesence leads to larger
droplets. Upon cooling, fatty-acid deprotonation at the surface of the droplets results in
undulating folds and membrane budding, ultimately generating daughter fatty-acid vesicles.
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Fig. 6.7 MA vesicles convert to oil droplets through an intermediate assembly. a. Bright
field micrographs of non-extruded MA vesicles (10 mM), subjected to a modified heating
temperature ramp (25◦C −→ 85◦C −→ 95◦C), including an incubating step at an intermediate
temperature (T = 85◦C). The emergence of aggregates is noticeable at T < 85◦C, and thus
they coalesce and grow upon incubation. Further temperature increase leads to a second
re-organisation step into oil droplets, where inner features appear and grow until covering
the entire structure. The droplets are then still able to coalesce and grow. b. Bright
field micrographs of non-extruded MA vesicles (10 mM), subjected to a modified cooling
temperature ramp (95◦C −→ 85◦C −→ 25◦C), including an incubating step at an intermediate
temperature (T = 85◦C). Upon temperature decrease, features re-appear and start to shrink
inside the droplets. Later on, these structures sustain membrane budding and generate
vesicles after reaching sufficiently low temperatures. Scale bars = 10 µm.

6.2 Tuneable disassembly and re-assembly of proto-cells

The presence of faceted features at high temperatures also hints at the emergence of lamel-
lar phases at intermediate pH values. To further explore this, the phase transition of MA
fatty-acid vesicles was monitored in bright-field. In this case, vesicles were subjected to a
modified temperature ramp, incubating them at an intermediate temperature, followed by
a second increase to high temperatures. Figure 6.7 shows micrographs acquired at various
points throughout the ramp, where the vesicles re-assemble into structures and coalesce
when incubated at the intermediate temperature (T = 85◦C). Further increase of tempera-



6.2 Tuneable disassembly and re-assembly of proto-cells 115

ture, leads to faster coalescence, and inner features with higher contrast appear and quickly
grow until occupying the entire surface of the aggregate. The latter suggests that vesicles
re-assemble into (multi)lamellar structures at intermediate pH values, which in turn con-
vert to fatty-acid oil droplets as temperature is increased, thus further decreasing the pH.
Incubation at (T = 95◦C) allows droplets to continue to coalesce and grow. When cooling
down to room temperature, the transition to presumably multilamellar phases could also
be identified. Inner circular features emerge, and decrease in size towards the centre of the
droplet, suggesting re-conversion. Ultimately, at low enough temperatures, rehydration of
the surface of fatty-acid aggregates leads to the emergence of vesicles via membrane budding.

While a prebiotically-plausible pathway for the emergence of mysristoleic acid is yet
to be identified to support its role as a primary component of primitive proto-cells, it is
a well-established model for investigating primordial membranes [295]. Nevertheless, to
further explore the ability of prebiotically-relevant amphiphiles to undergo vesicle-to-droplet
conversion, vesicles prepared from a mixture of decanoic acid and decanol (DA:DOH, 2:1)
were subjected to a temperature ramp. Indeed, as shown in Figure 6.8, these simple, and
prebiotically-relevant, fatty-acid assemblies readily underwent morphological re-structuring
that led to daughter proto-cells. In fact, in this scenario, the two transitions, hinting at
membrane conversion to multilamellar and subsequently to oil phases, were identifiable with
epifluorescence microscopy. Indeed, the emergence of brighter (presumably denser) fea-
tures inside the aggregates after the intermediate temperature (T = 70◦C), which grew until
covering the entire aggregate, could indicate the conversion from multilamellar structures
to oil droplets. In addition, as observed with MA upon cooling, these features re-appear
as temperature decreases and shrink towards the centre of the droplet. Finally, membrane
budding also enables the generation of daughter vesicles.

Membrane re-organisation, as mediated by temperature-induced pH changes that lead
to phase transitions, provides a platform to circumvent bilayer fusion barriers. Indeed, fatty
acids undergo a transition from a colloidally-stable bilayer dispersion to an emulsion of
fatty-acid droplets, where coalescence is driven by interfacial tension. In view of the pH-
driven phase transitions that facilitate the process of disassembly and re-assembly, various
independent physico-chemical parameters could influence such behaviour, thus providing a
means for tuneability.

This is the case, for instance, with the presence of charged bio-molecules. As shown
in Figure 6.9, prebiotically-relevant additives, such as nucleotides and peptides, shift the
transition temperature in a charge-dependent manner. For this purpose, absorbance profiles,
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Fig. 6.8 DA:DOH vesicles convert to oil droplets through an intermediate assembly. a.
epifluorescence micrographs of non-extruded DA:DOH vesicles (50 mM), subjected to a a
modified heating temperature ramp (25◦C −→ 70◦C −→ 90◦C), including an incubating
step at an intermediate temperature (T = 70◦C). The emergence of fatty-acid structures is
noticeable at T < 70◦C, where they coalesce and grow upon incubation. Further temperature
increase leads to a second re-organisation step into oil droplets, and inner features appear
and grow until covering the entire structure. The droplets are then still able to coalesce
and grow. b. Epifluorescence micrographs of non-extruded DA:DOH vesicles (50 mM),
subjected to a modified cooling temperature ramp (90◦C −→ 70◦C −→ 25◦C), including
an incubating step at an intermediate temperature (T = 70◦C). Upon temperature decrease,
features re-appear and show shrinking towards the centre of the droplet. These structures
later on sustain membrane budding and generate vesicles when reaching sufficiently low
temperatures. Scale bars = 10 µm.

similar to those shown in Figure 6.4a, were collected for samples of MA and DA:DOH
containing additives, and used to determine the phase transition temperature (Figure 6.9a
and Figure 6.9b, respectively). While buffered solutions containing MA vesicles only show
the emergence of droplets at T = 85◦C (indicative of the phase transition and morphological
re-structuring), those where the fatty-acid assemblies co-exist with additives show droplets at
various (lower) temperatures. These results demonstrate that the phases associated with low
pH values can be accessed at distinct points of the temperature ramp owing to the presence of
additives. For instance, as shown in Figure 6.9c with representative micrographs, the addition
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Fig. 6.9 Prebiotically-relevant additives modulate vesicle-to-oil conversion. The addition
of prebiotically-relevant building blocks, such as nucleotides and dipeptides, influence fatty-
acid phase transitions. a. The phase transition temperature of MA vesicles, determined from
absorbance profiles such as that shown in Figure 6.4, both in the absence and presence of
5 mM peptides (left) or nucleotides (right), showcasing the effect of additives on the phase
behaviour of fatty-acid assemblies. b. The phase transition temperature of DA:DOH vesicles,
determined from absorbance profiles such as that shown in Figure 6.4, both in the absence and
presence of 5 mM peptides, indicating that the effect of additives on the phase behaviour of
fatty-acid assemblies is prevalent on prebiotically-relevant lipid mixtures. c. Representative
epifluorescence micrographs of MA (left) and DA:DOH (right) samples with nucleotides
(AMP) and dipeptides (ArgArg), showing conversion at temperatures much lower than those
observed for vesicles lacking additives. Scale bars = 10 µm.

of AMP allowed droplets to emerge and coalesce at T = 75◦C. Similarly, the presence of
di-peptides (e.g. ArgArg) showed morphological re-structuring at temperatures as low as
T = 47◦C for vesicles prepared with DA:DOH. Indeed, in this more prebiotically-relevant
scenario, conversion could be triggered with relatively smaller thermal perturbations, thus
hinting at the ability of primitive cells to undergo phase transitions in response to mild
environmental fluctuations.

Overall, these findings indicate that temperature gradients generate pH fluctuations, which
in turn drive reversible fatty-acid phase transitions that can be modulated to occur in various
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T = 25°C T = 90°C T = 95°C

Fig. 6.10 Content release is concomitant with bilayer disassembly. Non-extruded MA
vesicles, loaded with dextran-FITC (5 KDa), subjected to a heating temperature ramp (25◦C
−→ 90◦C −→ 95◦C), and imaged with epifluorescence microscopy. Fluorescent content
(shown in green) is trapped upon conversion to multilamellar structures, thus hinting at the
ability of the aggregates to still host aqueous milieus, even with incubation for 5 minutes at
high temperature (T = 90◦C). Further temperature increase, enabling the re-structuring to oil
droplets, leads to the release of encapsulated content to the bulk. At high temperatures, the
signal recorded for the fluorescent lipid marker is shown in magenta. Scale bars = 10 µm.

concentrations, lipid compositions, and temperatures with the presence of (prebiotically-
relevant) biological building blocks. It is interesting to wonder if such a simple, yet robust,
phenomenon, likely to have occurred in a recursive fashion in primordial scenarios, may
have supported the onset of primitive cell cycles.

6.3 Thermal oscillations mediate proto-cellular content re-
lease and re-uptake.

The temperature-induced vesicle-to-droplet conversion in fatty-acid proto-cells explains
why they are unable to retain compartmentalised oligonucleotides when exposed to high
temperatures [283]. Therefore, MA vesicles loaded with model cargo were prepared in order
to determine whether proto-cellular content could be re-uptaken via membrane budding
during the formation of daughter proto-cells. Fatty-acid vesicles were prepared to enclose
fluorescently-labelled Dextran (5 kDa). After purification with size-exclusion chromatog-
raphy to remove unencapsulated Dextran, the vesicles were subjected to a temperature
ramp.

Interestingly, morphological re-organisation converts vesicles into faceted multilamellar
structures that are still able to host aqueous milieus, as shown in Figure 6.10. Thus, encapsu-
lated content is not immediately released upon vesicle conversion, but rather initially trapped
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Fig. 6.11 Content re-encapsulation via membrane re-assembly. a. (Top) epifluorescence
micrographs of non-extruded MA vesicles, loaded with FITC-dextran (5 kDa), at room
temperature and high (T = 90◦C) temperatures. At high temperatures, fluorescent content
(shown in green) is excluded from fatty-acid droplets. (Bottom) Size-exclusion chromatogram
of extruded FITC-loaded MA vesicles in the absence (grey) and after (green) thermal cycling.
While most of the content is released to the bulk upon thermal cycling, thus generating
fluorescent peak at elution fractions ∼ 20 (corresponding to non-encapsulated material),
a small fluorescent peak at elution fractions ∼ 10 indicates that a fraction (∼ 3.2%) of
vesicles could re-uptake the content upon membrane re-assembly. b. (Top) epifluorescence
micrographs of non-extruded MA vesicles, surrounded by FITC-dextran in the bulk, at
room temperature and high (T = 90◦C) temperatures. At high temperatures, fluorescent
content (shown in green) remains excluded from fatty-acid droplets. (Bottom) Size-exclusion
chromatogram of extruded empty MA vesicles (surrounded by FITC-dextran in the bulk) in
the absence (grey) and after (green) thermal cycling. The unencapuslated content prevails
at elution fractions ∼ 20, being the only detectable signal in the chromatogram of samples
lacking thermal cycle. In turn, thermal cycling produces a small fluorescent peak at elution
fractions ∼ 10, which indicates that a similar fraction (∼ 4.1%) of vesicles could uptake the
content upon membrane re-assembly.

within multiple bilayers. Further temperature increase leads to the complete exclusion of
encapsulated material from the fatty-acid droplets, which appear as dark circular spots in a
fluorescent background Figure 6.11.
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In turn, during cooling and as the pH value becomes suitable for stabilising bilayers,
amphiphiles at the surface of the droplets could begin to re-organise into multilamellar
structures with intercalated fluorescent aqueous content. In order to assess the ability of
fatty-acid structures for re-encapsulating cargoes, dextran-containing vesicles were subjected
to a full thermal cycle (25◦C −→ 90◦C −→ 95◦C, at a rate of 0.1◦C · s−1). Once back at
room temperature, they were loaded onto a size-exclusion column to evaluate the loss of
compartmentalised material. The fluorescence intensity of collected elution fractions was then
measured, and collated in Figure 6.11a. Expectedly, most (96.8%) of the fluorescent content
(elution fractions ∼ 20) is released to the bulk upon heat exposure, yet a peak corresponding
to encapsulated dextran (elution fractions ∼ 10) could be observed after the thermal cycle.
Two possible scenarios could account for the presence of compartmentalised material. First,
a fraction of loaded vesicles could potentially not undergo conversion to fatty-acid droplets,
thus retaining the encapsulated material. Alternatively, the fluorescent content is entirely
released, and a fraction is re-uptaken during membrane re-assembly upon cooling. Thus,
subjecting empty vesicles surrounded by unencapsulated fluorescent dextran to a thermal
cycle allowed to confirm content re-uptake, as shown with a chromatogram in Figure 6.11b.
Indeed, compartmentalised dextran is only present after thermal cycling, demonstrating that
encapsulation takes place upon the generation of vesicles through membrane budding. While
it is not possible to completely rule out that a small fraction of vesicles can survive thermal
cycling, the observations support that release and re-encapsulation of proto-cellular content
is mostly driven by the reversible phase transitions that mediate vesicle-to-droplet conversion.
Thus, thermally-induced pH fluctuations do not only mediate disassembly and re-assembly of
primitive compartment, but also facilitate the release and re-uptake of proto-cellular material.

6.4 A content mixing and reshuffling pathway for a new
cohort of proto-cells.

One can envisage early Earth was inhabited by different proto-cellular populations, each
composed of their own building blocks and hosting distinct content. These proto-cells
would likely have been exposed to naturally-occurring environmental fluctuations, such as
pH and temperature gradients. Should these proto-cells feature short-to-medium fatty-acid
membranes, they would have undergone the phase transitions discussed throughout this
Chapter. Importantly, when two distinct populations undergo morphological re-structuring
and conversion, both their membrane and cytosolic content could mix by virtue of the
disassembly and re-assembly of their building blocks. Therefore, thermal cycling is proposed
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Fig. 6.12 Phase transitions mediate the reshuffling of parental membrane content.
Membranes of non-extruded MA vesicles were labelled with either Liss Rhodamine or
NBD-fluorescent probes. The two fluorescent populations of vesicles were mixed at room
temperature, subjected to a heating-cooling temperature ramp (25◦C −→ 95◦C −→ 25◦C),
and imaged with epifluorescence microscopy. While at room temperature, vesicles retain
their colloidal stability, and thus co-exist as two separate populations, heating-induced mor-
phological re-structuring generates aggregates that coalesce. Membrane content mixing at
high temperatures is confirmed through the acquisition of NBD (cyan) and Liss Rhod (red)
fluorescent signals, which show co-localisation of the fluorescent markers. The low intensities
detected for NBD at high temperatures are likely associated with the temperature-sensitivity
of the fluorophore, as well as due to FRET, given the spectral overlap between NBD emission
and Liss Rhod excitation. Upon cooling, daughter vesicles exhibit blended membranes,
containing both fluorescent dyes and demonstrating reshuffled membrane content. Scale bars
= 10 µm.

as a plausible mechanism to potentially generate a new generation of proto-cells with
reshuffled content.

In support of this hypothesis, proto-cells were prepared with fatty-acid membranes la-
belled either with NBD-PE or LissRhod-PE. The two proto-cell populations were mixed, and
subjected to a temperature ramp. While at room temperature, vesicles remained stable and
as distinct populations (Figure 6.12). Upon temperature increase, coalescence and growth
led to droplets that featured both dyes, indicating membrane-content mixing. Membrane
re-assembly during cooling generated vesicles with blended membranes at room tempera-
ture, thus confirming that not only cytosolic content could be reshuffled but also membrane
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Fig. 6.13 Thermal cycling drives the assembly of daughter proto-cells with enhanced
functionalities. a. Two populations of parental compartments are loaded with non-functional
nucleic acids, each population corresponding to a fragment of the split version of the
Broccolli aptamer. The vesicles undergo thermal cycling (25◦C −→ 95◦C −→ 25◦C), and
are subsequently supplemented with DFHBI, a probe whose fluorescence is enhanced in
the presence of the correctly-folded aptamer. b. Size-exclusion chromatogram of mixed
vesicle populations in the absence of thermal cycling, showing a single peak for fluorescent
signal (λ = 505 nm) corresponding to un-encapsulated content (elution fractions ∼ 20). c.
Size-exclusion chromatogram of mixed vesicle populations after thermal cycling, showing
aptamer reconstitution and encapsulation in daugther proto-cells (elution fractions ∼ 10)
alongside fluorescent signal (λ = 505 nm) corresponding to un-encapsulated content (elution
fraction ∼ 20).

constituents.

A potential advantage of proto-cellular content reshuffling is the possibility of a newly-
generated cohort of primitive cells to display novel functionalities. Despite the fact that
most of the originally encapsulated material is not re-uptaken by daughter cells, a low re-
encapsulation efficiency may have been sufficient for some primitive cells to achieve life-like
behaviours. For instance, mixing oligonucleotides that are synthesised independently in
different fatty-acid proto-cells could give rise to new cycles of nucleic acid polymerisation
and other ribozyme-catalysed processes. In that sense, the emergence of daughter fatty-acid
vesicles through thermal cycling was exploited to reconstitute a split version of the Broccoli
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aptamer [296], as a proof-of-concept of a content reshuffling pathway that can result in
daughter proto-cells with enhanced functionalities.

For that purpose, two populations of parental compartments were loaded with non-
functional nucleic acids, each population corresponding to a fragment of the split version of
the Broccolli aptamer. After mixing the two populations, vesicles are subjected to a thermal
cycle (25◦C −→ 95◦C −→ 25◦C). Upon adding DFHBI, a membrane permeable probe
whose fluorescence is enhanced in the presence of the correctly-folded aptamer, the re-uptake
and reconstitution of the functional aptamer inside daughter proto-cells was assessed by
means of size-exclusion chromatography (Figure 6.13). In the absence of thermal cycling, a
peak for fluorescent signal corresponding to un-encapsulated DFHBI-aptamer content can be
observed (elution fractions ∼ 20). In turn, the chromatogram after thermal cycling, shows
a fluorescent peak at elution fractions ∼ 10, indicative of the re-encapsulation of RNA
fragments and their correct assembly into the functional aptamer in the lumen of daughter
proto-cells, where subsequent binding to DFHBI bestows them with functional traits. Note
that the chromatogram of the samples lacking thermal cycle also shows a small peak at
elution fractions ∼ 10, which is ascribed to vesicles where DFHBI permeated into, and
thus exhibit (non-enhanced) fluorescence in view of the absence of the functional aptamer.
Altogether, these results demonstrate that the content reshuffling pathway described herein,
reliant of fatty-acid phase transitions, provides a prebiotically plausible mechanism for the
emergence of daughter proto-cells with potentially enhanced functionalities.

6.5 Chapter summary and outlook

In this chapter, I have described the role that fatty-acid phase transitions play in the emer-
gence of daughter proto-cells. This work demonstrates that thermal oscillations induce pH
fluctuations, which in turn trigger phase transitions in fatty-acid assemblies. Membrane
morphological re-structuring leads to vesicle-to-droplet conversion during temperature in-
crease, while cooling enables membrane re-assembly into daughter vesicles. Moreover,
the experimental approach enabled to clarify that it is membrane dissolution, rather than
increased permeability, what leads to content release at high temperatures. This refined
mechanistic understanding of membrane dynamics and content release in turn led to the
central discovery showcased herein: the proto-cellular reshuffling pathway.

In the absence of highly-evolved biological machinery, primitive cells had to rely on the
self-assembly, and the dynamic properties, of their constituents as well as on their interactions
with the environment to achieve basic functionalities critical to life, including cell replication.
Prebiotically-plausible cell cycles have been proposed involving alternating dehydration-
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Fig. 6.14 Summary depiction of the proposed proto-celluar content reshuffling path-
way. Thermal oscillations induce pH fluctuations in some buffering solutions. Changes in pH
are able to trigger phase transitions in membranes composed of fatty acids. Parent proto-cells
would thus undergo morphological re-structuring upon temperature increase, leading to
their conversion into multilamellar structures – at first – followed by re-organisation into
oil droplets at high temperatures. Re-structuring, coupled to surface tension-driven coales-
cence, would lead to membrane content mixing, while expelling cytosolic content to the
bulk. Temperature decrease would influence the pH so to allow the stabilisation of bilayers.
Undulating folds at the surface of the droplet would lead to the generation of daughter
proto-cells with blended membranes, while re-uptaking aqueous re-shuffled content from
the bulk. Therefore, the heating-cooling cycle would result in the emergence of daughter
proto-cells with potentially superior traits by virtue of content reshuffling.

rehydration processes [297], as well as mechanisms reliant on recursive growth and division
of vesicles [8]. While these provide a platform that better mimics modern cellular replication
pathways, such iterations would have not supported the release, uptake, and exchange of
proto-cellular content with the environment.

In this context, this work proposes a pathway, schematically summarised in Figure 6.14,
based on fatty-acid responses to mild, naturally-occurring environmental fluctuations, which
induce membrane disassembly and re-assembly. Such a robust behaviour, which operates
also in the presence of prebiotically-relevant additives, would enable for parental membrane
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and cytosolic content to be transmitted to a new cohort of daughter proto-cells while allowing
for various advantageous traits. For instance, fatty-acid phase transitions have the potential
to enable the release of products, which may have feedback-inhibited further rounds of
compartmentalised reactions. Similarly, they support the uptake of membrane-impermeable
substrates required for anabolic and catabolic pathways. In addition, the exchange of material
between different proto-cells could have driven selection processes, while the reshuffling of
lipophilic material could have yielded membranes with superior traits like improved stability
or selective permeability.

Supramolecular systems that are thermally and pH-responsive also hold relevance beyond
bottom-up synthetic biology, and could find application in a wide variety of technological
contexts that range from soft condensed matter and colloid chemistry to nanotechnology. For
example, one can imagine the development of functional nanomaterials underpinned by the
stability and responsiveness of fatty-acid structures, which can be programmed via parameters
such as chain length, concentration, and the presence of additives. Thus, the emergence
of droplets could be exploited to recruit molecular agents of interest and cargoes through
hydrophobic interactions or by functionalising the lipid-water interface. Such a platform
can be implemented to partition macromolecules for purification and filtering/separation
purposes.





Chapter 7

Conclusions & future research directions

Artificial cells provide a biomimetic platform that caters a broad range of scientific and
technological contexts. Indeed, synthetic cellular systems have been exploited to elucidate
biological processes in isolation from physiological complexity [4], while model proto-cells
have been used to probe pathways for life to emerge and evolve [8]. Similarly, some artificial-
cell realisations have achieved functionalities applicative in sensing, bioremediation, and
biosynthesis [6]. The bottom-up construction of cell-like compartments is often accomplished
with passive semi-permeable enclosures. Conversely, functional artificial-cell interfaces are
central to engineering pathways that mediate many of the processes facilitated by biological
membranes [106]. However, challenges associated with reconstituting protein-based machin-
ery in synthetic-cell membranes have limited the extent to which these can be successfully
integrated to artificial-cell technologies. DNA nanotechnology has been increasingly adopted
as a comprehensive toolkit for replicating the structure and activity of proteins [67]. Of
particular relevance to artificial cell science are amphiphilic DNA nanostructures, which
have been shown to hold great promise for replicating membrane-hosted functionalities [196].

In this thesis, I have investigated the biophysical principles that govern the interactions
between DNA handles and lipid bilayers with different phases. Altogether, I outlined
guiding principles and design criteria to regulate the activity of DNA devices in biomimetic
membranes, thus expanding our arsenal for the construction of artificial cellular systems. To
that end, I was able to build nanostructures that, coupled to the programmable phase behaviour
of lipid membranes, mimic the action of cell-surface machinery by displaying functionalities,
summarised in Figure 7.1, that range from controllable DNA/lipid complexation to membrane
patterning, sculpting, and bilayer re-organisation.
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Fig. 7.1 DNA nanostructures replicate the action of cell-surface machinery. Summary
depiction of the biomimetic functionalities achieved throughout this thesis following a
systematic investigation that furthered our understanding of how cations and synthetic nucleic
acids interact with model membranes. The tools of (amphiphilic) DNA nanotechnology,
coupled to the programmable phase behaviour of biomimetic lipid membranes, have allowed
to bestow synthetic cells with pathways that mediate triggered DNA-lipid complexation [158],
membrane patterning, remodeling, and cargo transport across lipid domains [159], lipid
domain sculpting, and proto-cellular content reshuffling [160].

7.1 Summary & discussion

In Chapter 3, I demonstrated that zwitterionic lipid membranes have differential affinities
for cation species, allowing them to sustain interactions with unmodified DNA constructs. I
showed that gel-phase membranes selectively interact with divalent cations, which can in
turn bridge the anionic phosphates between lipid headgroups and the backbone of nucleic
acids. This response was modulated via several independent physico-chemical parameters
influencing lipid phase or their affinity for divalent cations, thereby constituting a compre-
hensive platform to program DNA-lipid complexation [158].

Chapter 4 presented a modular, DNA-based, platform to programmably regulate the
distribution and transport of membrane inclusions in biomimetic interfaces [159]. I demon-
strated that the tendency of DNA nanostructures to preferentially enrich lipid domains can
be exploited to program the lateral distribution of DNA devices. By prescribing the anchor
content and identity, size, and topology of DNA architectures, I introduced a platform with
a range of partitioning behaviours that span the free energy landscape. I demonstrate the
functionality of the platform with a bio-inspired responsive nanostructure capable of trans-
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porting cargoes across the surface of micron-sized artificial cells. Chapter 5 builds on this
design principle, where I equip nanostructures with multiple anchoring points that are posi-
tioned strategically so to produce a device that can accumulate at the line-interface between
co-existing phases. Such line-active DNA agents are shown to modulate the morphology of
lipid domains and sculpt two-dimensional microemulsions in biomimetic membranes.

In Chapter 6 I show that fatty acid self-assembly can be regulated with thermally-driven
pH fluctuations, thus providing a handle to modulate membrane re-organisation events. Such
mechanism led to the discovery of a content reshuffling pathway that ultimately proposes a
means for daughter proto-cells to emerge, upon thermal cycling, with enhanced functionali-
ties from non-functional parental material [160]. This concept was demonstrated with the
reconstitution of a split aptamer, which in turn also hints at the role that functional nucleic
acids might have played in setting the foundations of Darwinian evolution.

The refined understanding, and the functionalities, I herein described, are bound to be-
come a stepping-stone in the engineering of increasingly sophisticated DNA-based life-like
behaviours. For example, the spatio-temporal membrane patterning and sculpting achieved
throughout this work has implications beyond bottom-up synthetic biology, as these platforms
could become central to various technological contexts, finding application in vaccine devel-
opment as well as high-tech bio-sensing and therapeutics. Conversely, my work on fatty-acid
phase behaviour also highlighted that phase transitions can be modulated with prebiotically-
relevant additives, such as peptides and nucleotides. Besides introducing interesting future
research avenues for “origin of life”, such an effect provides a platform to regulate the stabil-
ity of colloidal fatty-acid dispersions and impart them with responsiveness to chemical agents
of interest. Such a technology could set the basis for developing functional nanomaterials
able to recruit or exclude molecules via hydrophobic interactions, which may find appli-
cation in bottom-up synthetic biology as well in devices for filtering and purification purposes.

7.2 Directions for future research

My research output has highlighted the potential that DNA nanotechnology holds for artificial
cell bio-engineering. In my view, the findings I report throughout this thesis could help in
expanding the reach of synthetic-cell technologies in at least two research directions, as
discussed below.



130 Conclusions & future research directions

7.2.1 DNA nanostructures to construct a minimal synthetic cell

Owing to the sheer variety of building blocks and experimental implementations one can
draw from to construct synthetic cells, many individual artificial-cell functionalities have
been achieved. Nevertheless, artificial cells that are able to coordinate several of these
life-like behaviours simultaneously have not yet been successfully built. This bottleneck
mostly emerges due to the lack of compatibility amongst artificial-cell implementations, thus
hindering our quest to build a truly living synthetic minimal cell.

DNA nanotechnology is a prime candidate to overcome this limitation, given that (am-
phiphilic) DNA nanostructures can be freely engineered with respect to their sequence, size,
geometry, and hydrophobic modifications. Indeed, multiple DNA-based platforms capable of
regulating distinct functionalities could be simultaneously implemented to operate orthogo-
nally, while mutual and cooperative interactions can be achieved through sequence-prescribed
pathways. To that end, a research direction of interest could follow the coupling of functional
DNA nanostructures to the programmable phase behaviour of model membranes to unlock
biomimetic pathways for sensing, signal transduction, molecular trafficking, synthetic cell
motility, and the yet to be achieved, self-replication.

The insights provided throughout this thesis set the foundations to engineer multi-
functional platforms that exploit the augmented capabilities of DNA nanostructures when
coupled to lipid membrane phase behaviour. For instance, DNA devices engineered to
harness lipid phases could form the basis of biomimetic technologies that enable signal
transduction pathways. Similar design principles could be applied to engineer self-propelling
synthetic cells that follow chemical gradients, while controlled budding and fission cycles
could be triggered with DNA architectures that, through membrane re-modeling events,
promote molecular transport via endo/exocytosis. Overall, I consider amphiphilic DNA
nanostructures can become a crucial component in the development of next-generation syn-
thetic cells, whose functionalities could re-define the state-of-the-art in artificial cell science
and bring us one step closer to creating synthetic replicas of a living cell.

7.2.2 DNA-based biomimetic functionalities for biomedical technolo-
gies

Biomimicry and artificial cell science have been increasingly regarded to have the power
to revolutionise various industrial landscapes. Key synthetic-cell functionalities, like sig-
nal translocation and information processing, could set the foundations for biomedical
technologies. Coupling the activity of DNA nanostructures in biomimetic membranes to
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functional nucleic acids could form the basis of next-generation diagnostic and therapeu-
tic platforms. In this case, the binding selectivity of aptamers [65] provides the means
to construct DNA-decorated synthetic cells to operate as biosensors, readily applicable in
point-of-care devices that report on the presence of biomarkers ranging from nucleic acids to
proteins and metabolites.

Building on this applicability, the open-ended functionality of artificial cells makes them
an ideal biocompatible and responsive platform for payload delivery. To that end, synthetic
cellular systems that coordinate sensing, information processing, and motility could act as
drug delivery vehicles. One can envisage artificial cells programmed to travel the body and
detect the presence of disease-related biomarkers, upon which they would in situ synthesise
and deliver therapeutic agents.

Synthetic cellular systems reliant on DNA-based architectures and nucleic acid circuitry
could achieve such responses, aided by the findings I have presented throughout this thesis.
An exciting research avenue would be that of engineering membrane-hosted DNA devices
that facilitate sensing and signal transduction pathways. These architectures could have the
ability of detecting molecular agents of interest in the site of disease, and subsequently trigger
cascades to induce protein production inside the synthetic cells (e.g. as mediated by cell-free
expression systems). Similarly, dedicated DNA nanostructures could be implemented to
coordinate membrane re-modeling mechanisms for the export and delivery of the therapeutic
payload.

While still far from achieving this level of control and activity, artificial cell science has
already accomplished some of these functionalities independently. The latter suggests that
constructing such sophisticated and highly-coveted synthetic cellular systems, rather than
being just a mere futuristic hope, is now a realistic possibility that could in a matter of years
see the light of day, providing an inspiring outlook for future research efforts.
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[166] David Nečas and Petr Klapetek. Gwyddion: an open-source software for SPM data
analysis. Central European Journal of Physics, 10(1):181–188, 2012.

[167] C. Kappel and R. Eils. Fluorescence recovery after photobleaching with the Leica
TCS SP2. Confocal Application Letter, 18, 2004.

[168] Hellen Ishikawa-Ankerhold, Richard Ankerhold, and Gregor Drummen. Fluorescence
Recovery After Photobleaching (FRAP), 2014.

[169] Sourav Bhattacharjee. DLS and zeta potential – What they are and what they are not?
Journal of Controlled Release, 235:337–351, 2016.

[170] James C Phillips, David J Hardy, Julio D C Maia, John E Stone, João V Ribeiro,
Rafael C Bernardi, Ronak Buch, Giacomo Fiorin, Jérôme Hénin, Wei Jiang, Ryan
McGreevy, Marcelo C R Melo, Brian K Radak, Robert D Skeel, Abhishek Singharoy,
Yi Wang, Benoît Roux, Aleksei Aksimentiev, Zaida Luthey-Schulten, Laxmikant V
Kalé, Klaus Schulten, Christophe Chipot, and Emad Tajkhorshid. Scalable molecular
dynamics on CPU and GPU architectures with NAMD. The Journal of Chemical
Physics, 153(4):44130, 2020.

[171] Paul F Batcho, David A Case, and Tamar Schlick. Optimized particle-mesh
Ewald/multiple-time step integration for molecular dynamics simulations. The Journal
of Chemical Physics, 115(9):4003–4018, 2001.

[172] Scott E Feller, Yuhong Zhang, Richard W Pastor, and Bernard R Brooks. Constant
pressure molecular dynamics simulation: The Langevin piston method. The Journal
of Chemical Physics, 103(11):4613–4621, 1995.

[173] Shuichi Miyamoto and Peter A Kollman. Settle: An analytical version of the SHAKE
and RATTLE algorithm for rigid water models. Journal of Computational Chemistry,
13(8):952–962, 1992.

[174] Hans C Andersen. Rattle: A “velocity” version of the shake algorithm for molecular
dynamics calculations. Journal of Computational Physics, 52(1):24–34, 1983.



146 References

[175] Katarina Hart, Nicolas Foloppe, Christopher M Baker, Elizabeth J Denning, Lennart
Nilsson, and Alexander D MacKerell. Optimization of the CHARMM Additive
Force Field for DNA: Improved Treatment of the BI/BII Conformational Equilibrium.
Journal of Chemical Theory and Computation, 8(1):348–362, 2012.

[176] Jeffery B Klauda, Richard M Venable, J Alfredo Freites, Joseph W O’Connor, Dou-
glas J Tobias, Carlos Mondragon-Ramirez, Igor Vorobyov, Alexander D MacKerell,
and Richard W Pastor. Update of the CHARMM All-Atom Additive Force Field
for Lipids: Validation on Six Lipid Types. The Journal of Physical Chemistry B,
114(23):7830–7843, 2010.

[177] Dmitrii Beglov and Benoît Roux. Finite representation of an infinite bulk system:
Solvent boundary potential for computer simulations. The Journal of Chemical
Physics, 100(12):9050–9063, 1994.

[178] Jejoong Yoo and Aleksei Aksimentiev. Improved Parametrization of Li+, Na+, K+,
and Mg2+ Ions for All-Atom Molecular Dynamics Simulations of Nucleic Acid
Systems. The Journal of Physical Chemistry Letters, 3(1):45–50, 2012.

[179] Jejoong Yoo and Aleksei Aksimentiev. Improved Parameterization of
Amine–Carboxylate and Amine–Phosphate Interactions for Molecular Dynamics
Simulations Using the CHARMM and AMBER Force Fields. Journal of Chemical
Theory and Computation, 12(1):430–443, 2016.

[180] William Humphrey, Andrew Dalke, and Klaus Schulten. VMD: Visual molecular
dynamics. Journal of Molecular Graphics, 14(1):33–38, 1996.

[181] D. A. Case, V. Babin, J. Berryman, R. M. Betz, Q. Cai, R. E. Cerutti, D. S. Cheatham
III, T. E. Darden, T. A. Duke, H. Gohlke, A. W. Goetz, S. Gusarov, N. Home-
yer, P. Janowski, J. Kaus, I. Kolossváry, A. Kovalenko, T. S. Lee, S. LeGrand,
T. Luchko, R. Luo, B. Madej, K. M. Merz, F. Paesani, D. R. Roe, A. Roitberg,
C. Sagui, R. Salomon-Ferrer, G. Seabra, C. L. Simmerling, W. Smith, J. Swails, R. C.
Walker, J. Wang, R. M. Wolf, X. Wu, and P. A. Kollman. AMBER14. In AMBER 14.
University of California, San Francisco, 2014.

[182] Sunhwan Jo, Joseph B Lim, Jeffery B Klauda, and Wonpil Im. CHARMM-GUI
Membrane Builder for Mixed Bilayers and Its Application to Yeast Membranes.
Biophysical Journal, 97(1):50–58, 2009.

[183] William L Jorgensen, Jayaraman Chandrasekhar, Jeffry D Madura, Roger W Impey,
and Michael L Klein. Comparison of simple potential functions for simulating liquid
water. The Journal of Chemical Physics, 79(2):926–935, 1983.

[184] Yuji Sugita, Akio Kitao, and Yuko Okamoto. Multidimensional replica-exchange
method for free-energy calculations. The Journal of Chemical Physics, 113(15):6042–
6051, 2000.

[185] Giacomo Fiorin, Michael L Klein, and Jérôme Hénin. Using collective variables to
drive molecular dynamics simulations. Molecular Physics, 111(22-23):3345–3362,
2013.



References 147

[186] Shankar Kumar, John M Rosenberg, Djamal Bouzida, Robert H Swendsen, and Peter A
Kollman. THE weighted histogram analysis method for free-energy calculations on
biomolecules. I. The method. Journal of Computational Chemistry, 13(8):1011–1021,
1992.

[187] Thomas J Macke and David A Case. Modeling Unusual Nucleic Acid Structures. In
Molecular Modeling of Nucleic Acids, volume 682 of ACS Symposium Series, pages
24–379. American Chemical Society, 1997.

[188] Rogan Carr, Jeffrey Comer, Mark D Ginsberg, and Aleksei Aksimentiev. Microscopic
Perspective on the Adsorption Isotherm of a Heterogeneous Surface. The Journal of
Physical Chemistry Letters, 2(14):1804–1807, 2011.

[189] Lisa A Jackson, Evan J Anderson, Nadine G Rouphael, Paul C Roberts, Mamodikoe
Makhene, Rhea N Coler, Michele P McCullough, James D Chappell, Mark R Denison,
Laura J Stevens, Andrea J Pruijssers, Adrian McDermott, Britta Flach, Nicole A Doria-
Rose, Kizzmekia S Corbett, Kaitlyn M Morabito, Sijy O’Dell, Stephen D Schmidt,
Phillip A Swanson, Marcelino Padilla, John R Mascola, Kathleen M Neuzil, Hamilton
Bennett, Wellington Sun, Etza Peters, Mat Makowski, Jim Albert, Kaitlyn Cross,
Wendy Buchanan, Rhonda Pikaart-Tautges, Julie E Ledgerwood, Barney S Graham,
and John H Beigel. An mRNA Vaccine against SARS-CoV-2 — Preliminary Report.
New England Journal of Medicine, 383(20):1920–1931, 2020.

[190] Nanomedicine and the COVID-19 vaccines. Nature Nanotechnology, 15(12):963,
2020.

[191] P L Felgner, T R Gadek, M Holm, R Roman, H W Chan, M Wenz, J P Northrop,
G M Ringold, and M Danielsen. Lipofection: a highly efficient, lipid-mediated
DNA-transfection procedure. Proceedings of the National Academy of Sciences of the
United States of America, 84(21):7413–7417, 1987.

[192] Rumiana Koynova and Boris Tenchov. Cationic phospholipids: structure–transfection
activity relationships. Soft Matter, 5(17):3187–3200, 2009.

[193] Nicholas L Abbott, Christopher M Jewell, Melissa E Hays, Yukishige Kondo, and
David M Lynn. Ferrocene-Containing Cationic Lipids: Influence of Redox State on
Cell Transfection. Journal of the American Chemical Society, 127(33):11576–11577,
2005.

[194] V G Budker, A A Godovikov, L P Naumova, and I A Slepneva. Interaction of polynu-
cleotides with natural and model membranes. Nucleic Acids Research, 8(11):2499–
2516, 1980.

[195] Andreas Schoenit, Elisabetta Ada Cavalcanti-Adam, and Kerstin Göpfrich. Function-
alization of Cellular Membranes with DNA Nanotechnology. Trends in Biotechnology,
2021.

[196] Martin Langecker, Vera Arnaut, Jonathan List, and Friedrich C Simmel. DNA Nanos-
tructures Interacting with Lipid Bilayer Membranes. Accounts of Chemical Research,
47(6):1807–1815, 2014.



148 References

[197] Jing Pan, Yancheng Du, Hengming Qiu, Luke R Upton, Feiran Li, and Jong Hyun
Choi. Mimicking Chemotactic Cell Migration with DNA Programmable Synthetic
Vesicles. Nano Letters, 19(12):9138–9144, 2019.

[198] Jennifer J McManus, Joachim O Rädler, and Kenneth A Dawson. Does Calcium Turn
a Zwitterionic Lipid Cationic? The Journal of Physical Chemistry B, 107(36):9869–
9875, 2003.

[199] Adéla Melcrová, Sarka Pokorna, Saranya Pullanchery, Miriam Kohagen, Piotr Ju-
rkiewicz, Martin Hof, Pavel Jungwirth, Paul S Cremer, and Lukasz Cwiklik. The
complex nature of calcium cation interactions with phospholipid bilayers. Scientific
Reports, 6(1):38035, 2016.

[200] Sandra Gromelski and Gerald Brezesinski. DNA Condensation and Interaction with
Zwitterionic Phospholipids Mediated by Divalent Cations. Langmuir, 22(14):6293–
6301, 2006.

[201] A Yu. Antipina and A A Gurtovenko. Molecular-level insight into the interactions of
DNA with phospholipid bilayers: barriers and triggers. RSC Advances, 6(43):36425–
36432, 2016.

[202] M S Malghani and Jie Yang. Stable Binding of DNA to Zwitterionic Lipid Bilayers in
Aqueous Solutions. The Journal of Physical Chemistry B, 102(44):8930–8933, 1998.

[203] Alexandra Yu. Antipina and Andrey A Gurtovenko. Molecular Mechanism of Calcium-
Induced Adsorption of DNA on Zwitterionic Phospholipid Membranes. The Journal
of Physical Chemistry B, 119(22):6638–6645, 2015.

[204] Marie-Louise Ainalem, Nora Kristen, Karen J Edler, Fredrik Höök, Emma Sparr,
and Tommy Nylander. DNA Binding to Zwitterionic Model Membranes. Langmuir,
26(7):4965–4976, 2010.

[205] Xiaofan Wang, Seung Yeon Lee, Kathryn Miller, Rebecca Welbourn, Isabella Stocker,
Stuart Clarke, Michael Casford, Philipp Gutfreund, and Maximilian W A Skoda.
Cation Bridging Studied by Specular Neutron Reflection. Langmuir, 29(18):5520–
5527, 2013.

[206] Chase T Gerold and Charles S Henry. Observation of Dynamic Surfactant Adsorption
Facilitated by Divalent Cation Bridging. Langmuir, 34(4):1550–1556, 2018.

[207] M A Morini, M B Sierra, V I Pedroni, L M Alarcon, G A Appignanesi, and E A
Disalvo. Influence of temperature, anions and size distribution on the zeta potential
of DMPC, DPPC and DMPE lipid vesicles. Colloids and Surfaces B: Biointerfaces,
131:54–58, 2015.

[208] Joachim Seelig. Deuterium magnetic resonance: theory and application to lipid
membranes. Quarterly Reviews of Biophysics, 10(3):353–418, 1977.

[209] Jejoong Yoo and Aleksei Aksimentiev. Competitive Binding of Cations to Duplex
DNA Revealed through Molecular Dynamics Simulations. The Journal of Physical
Chemistry B, 116(43):12946–12954, 2012.



References 149

[210] Jejoong Yoo and Aleksei Aksimentiev. New tricks for old dogs: improving the
accuracy of biomolecular force fields by pair-specific corrections to non-bonded
interactions. Physical Chemistry Chemical Physics, 20(13):8432–8449, 2018.

[211] Teemu Murtola, Emma Falck, Mikko Karttunen, and Ilpo Vattulainen. Coarse-grained
model for phospholipid/cholesterol bilayer employing inverse Monte Carlo with
thermodynamic constraints. The Journal of Chemical Physics, 126(7):75101, 2007.

[212] Tomasz Czerniak and James P Saenz. Lipid membranes modulate the activity of RNA
through sequence-dependent interactions. bioRxiv, 2021.

[213] Susanne Kempter, Alena Khmelinskaia, Maximilian T Strauss, Petra Schwille, Ralf
Jungmann, Tim Liedl, and Wooli Bae. Single Particle Tracking and Super-Resolution
Imaging of Membrane-Assisted Stop-and-Go Diffusion and Lattice Assembly of DNA
Origami. ACS Nano, 13(2):996–1002, 2019.

[214] Matthew J Higgins, Lou Ann Tom, and David C Sobeck. Case Study I: Application
of the Divalent Cation Bridging Theory to Improve Biofloc Properties and Industrial
Activated Sludge System Performance—direct Addition Of Divalent Cations. Water
Environment Research, 76(4):344–352, 2004.

[215] Helmut Bischof, Sandra Burgstaller, Markus Waldeck-Weiermair, Thomas Rauter,
Maximilian Schinagl, Jeta Ramadani-Muja, Wolfgang F Graier, and Roland Malli.
Live-Cell Imaging of Physiologically Relevant Metal Ions Using Genetically Encoded
FRET-Based Probes. Cells, 8(5), 2019.

[216] Nikolay Korolev, Alexander P Lyubartsev, Allan Rupprecht, and Lars Nordenskiöld.
Competitive Binding of Mg2+, Ca2+, Na+, and K+ Ions to DNA in Oriented DNA
Fibers: Experimental and Monte Carlo Simulation Results. Biophysical Journal,
77(5):2736–2749, 1999.

[217] Luc Leybaert and Michael J Sanderson. Intercellular Ca2+ Waves: Mechanisms and
Function. Physiological Reviews, 92(3):1359–1392, 2012.

[218] Elizabeth Murphy. Mysteries of Magnesium Homeostasis. Circulation Research,
86(3):245–248, 2000.

[219] Teneale A Stewart, Kunsala T D S Yapa, and Gregory R Monteith. Altered calcium
signaling in cancer cells. Biochimica et Biophysica Acta (BBA) - Biomembranes,
1848(10, Part B):2502–2511, 2015.

[220] Alwin Köhler and Ed Hurt. Exporting RNA from the nucleus to the cytoplasm. Nature
Reviews Molecular Cell Biology, 8(10):761–773, 2007.

[221] Dimiter S Dimitrov. Virus entry: molecular mechanisms and biomedical applications.
Nature Reviews Microbiology, 2(2):109–122, 2004.

[222] Adam M.R. de Graff, Michael J. Hazoglou, and Ken A. Dill. Highly Charged Proteins:
The Achilles’ Heel of Aging Proteomes. Structure, 24(2):329–336, 2016.



150 References

[223] Jonathan Pansieri, Mohammad A Halim, Charlotte Vendrely, Mireille Dumoulin,
François Legrand, Marcelle Moulin Sallanon, Sabine Chierici, Simona Denti, Xavier
Dagany, Philippe Dugourd, Christel Marquette, Rodolphe Antoine, and Vincent Forge.
Mass and charge distributions of amyloid fibers involved in neurodegenerative diseases:
mapping heterogeneity and polymorphism. Chemical Science, 9(10):2791–2796, 2018.

[224] Adree Khondker, Richard J Alsop, and Maikel C Rheinstädter. Membrane-Accelerated
Amyloid-β Aggregation and Formation of Cross-β Sheets. Membranes, 7(3), 2017.

[225] Bruno C Borro, Lucia Parolini, Pietro Cicuta, Vito Foderà, and Lorenzo Di Michele.
Interaction with prefibrillar species and amyloid-like fibrils changes the stiffness of
lipid bilayers. Physical Chemistry Chemical Physics, 19(41):27930–27934, 2017.

[226] Tatiana Trantidou, Mark Friddin, Yuval Elani, Nicholas J Brooks, Robert V Law,
John M Seddon, and Oscar Ces. Engineering Compartmentalized Biomimetic Micro-
and Nanocontainers. ACS Nano, 11(7):6549–6565, 2017.

[227] Mei Li, Rachel L Harbron, Jonathan V M Weaver, Bernard P Binks, and Stephen
Mann. Electrostatically gated membrane permeability in inorganic protocells. Nature
Chemistry, 5(6):529–536, 2013.

[228] Martina Ugrinic, Adrian Zambrano, Simon Berger, Stephen Mann, T.-Y. Dora Tang,
and Andrew DeMello. Microfluidic formation of proteinosomes. Chemical Communi-
cations, 54(3):287–290, 2018.

[229] Samuel Berhanu, Takuya Ueda, and Yutetsu Kuruma. Artificial photosynthetic cell
producing energy for protein synthesis. Nature Communications, 10(1):1325, 2019.

[230] Marcus J Taylor, David Perrais, and Christien J Merrifield. A High Precision Survey
of the Molecular Dynamics of Mammalian Clathrin-Mediated Endocytosis. PLOS
Biology, 9(3):e1000604, 2011.

[231] Caroline Louise Stoten and Jeremy Graham Carlton. ESCRT-dependent control of
membrane remodelling during cell division. Seminars in Cell & Developmental
Biology, 74:50–65, 2018.

[232] Emma L Talbot, Lucia Parolini, Jurij Kotar, Lorenzo Di Michele, and Pietro Cicuta.
Thermal-driven domain and cargo transport in lipid membranes. Proceedings of the
National Academy of Sciences of the United States of America, 114(5):846 LP – 851,
2017.

[233] Andreas Bunge, Anke Kurz, Anne-Kathrin Windeck, Thomas Korte, Wolfgang
Flasche, Jürgen Liebscher, Andreas Herrmann, and Daniel Huster. Lipophilic Oligonu-
cleotides Spontaneously Insert into Lipid Membranes, Bind Complementary DNA
Strands, and Sequester into Lipid-Disordered Domains. Langmuir, 23(8):4455–4464,
2007.

[234] Anke Kurz, Andreas Bunge, Anne-Katrin Windeck, Maximilian Rost, Wolfgang
Flasche, Anna Arbuzova, Denise Strohbach, Sabine Müller, Jürgen Liebscher, Daniel
Huster, and Andreas Herrmann. Lipid-Anchored Oligonucleotides for Stable Double-
Helix Formation in Distinct Membrane Domains. Angewandte Chemie International
Edition, 45(27):4440–4444, 2006.



References 151

[235] Matthias Schade, Andrea Knoll, Alexander Vogel, Oliver Seitz, Jürgen Liebscher,
Daniel Huster, Andreas Herrmann, and Anna Arbuzova. Remote Control of Lipophilic
Nucleic Acids Domain Partitioning by DNA Hybridization and Enzymatic Cleavage.
Journal of the American Chemical Society, 134(50):20490–20497, 2012.

[236] Johannes Schindelin, Ignacio Arganda-Carreras, Erwin Frise, Verena Kaynig, Mark
Longair, Tobias Pietzsch, Stephan Preibisch, Curtis Rueden, Stephan Saalfeld, Ben-
jamin Schmid, Jean-Yves Tinevez, Daniel James White, Volker Hartenstein, Kevin
Eliceiri, Pavel Tomancak, and Albert Cardona. Fiji: an open-source platform for
biological-image analysis. Nature Methods, 9(7):676–682, 2012.

[237] Indriati Pfeiffer and Fredrik Höök. Bivalent Cholesterol-Based Coupling of Oligonu-
cletides to Lipid Membrane Assemblies. Journal of the American Chemical Society,
126(33):10224–10225, 2004.

[238] Rebecca P Chen, Daniel Blackstock, Qing Sun, and Wilfred Chen. Dynamic protein
assembly by programmable DNA strand displacement. Nature Chemistry, 10(4):474–
481, 2018.

[239] Nancy C Stellwagen, Soffia Magnusdottir, Cecilia Gelfi, and Pier Giorgio Righetti.
Measuring the translational diffusion coefficients of small DNA molecules by capillary
electrophoresis. Biopolymers, 58(4):390–397, 2001.

[240] Bernard Yurke and Allen P Mills. Using DNA to Power Nanostructures. Genetic
Programming and Evolvable Machines, 4(2):111–122, 2003.

[241] Luca Bini, Sonia Pacini, Sabrina Liberatori, Silvia Valensin, Michela Pellegrini,
Roberto RaggiaschiI, Vitaliano Pallani, and Cosima T Baldari. Extensive temporally
regulated reorganization of the lipid raft proteome following T-cell antigen receptor
triggering. Biochemical Journal, 369(2):301–309, 2003.

[242] Joseph H Lorent, Blanca Diaz-Rohrer, Xubo Lin, Kevin Spring, Alemayehu A Gorfe,
Kandice R Levental, and Ilya Levental. Structural determinants and functional conse-
quences of protein affinity for membrane rafts. Nature Communications, 8(1):1219,
2017.

[243] Xubo Lin, Alemayehu A Gorfe, and Ilya Levental. Protein Partitioning into Ordered
Membrane Domains: Insights from Simulations. Biophysical journal, 114(8):1936–
1944, 2018.

[244] Oliver Rocks, Anna Peyker, and Philippe I H Bastiaens. Spatio-temporal segregation
of Ras signals: one ship, three anchors, many harbors. Current Opinion in Cell
Biology, 18(4):351–357, 2006.

[245] Katrin Weise, Gemma Triola, Sascha Janosch, Herbert Waldmann, and Roland Winter.
Visualizing association of lipidated signaling proteins in heterogeneous membranes
Partitioning into subdomains, lipid sorting, interfacial adsorption, and protein associ-
ation. Biochimica et Biophysica Acta (BBA) - Biomembranes, 1798(7):1409–1417,
2010.



152 References

[246] Tian-Yun Wang, Rania Leventis, and John R Silvius. Partitioning of Lipidated Peptide
Sequences into Liquid-Ordered Lipid Domains in Model and Biological Membranes.
Biochemistry, 40(43):13031–13040, 2001.

[247] Katrin Weise, Shobhna Kapoor, Christian Denter, Jörg Nikolaus, Norbert Opitz,
Sebastian Koch, Gemma Triola, Andreas Herrmann, Herbert Waldmann, and Roland
Winter. Membrane-Mediated Induction and Sorting of K-Ras Microdomain Signaling
Platforms. Journal of the American Chemical Society, 133(4):880–887, 2011.

[248] Erica Del Grosso, Giulio Ragazzon, Leonard J Prins, and Francesco Ricci. Back Cover:
Fuel-Responsive Allosteric DNA-Based Aptamers for the Transient Release of ATP
and Cocaine (Angew. Chem. Int. Ed. 17/2019). Angewandte Chemie International
Edition, 58(17):5772, 2019.

[249] Liliana Cozzoli, Lorina Gjonaj, Marc C A Stuart, Bert Poolman, and Gerard Roelfes.
Responsive DNA G-quadruplex micelles. Chemical Communications, 54(3):260–263,
2018.

[250] Andrea Idili, Alexis Vallée-Bélisle, and Francesco Ricci. Programmable pH-Triggered
DNA Nanoswitches. Journal of the American Chemical Society, 136(16):5836–5839,
2014.

[251] Lingzi Ma and Juewen Liu. Catalytic Nucleic Acids: Biochemistry, Chemical Biology,
Biosensors, and Nanotechnology. iScience, 23(1):100815, 2020.

[252] Kristian Le Vay, Elia Salibi, Emilie Y Song, and Hannes Mutschler. Nucleic Acid
Catalysis under Potential Prebiotic Conditions. Chemistry – An Asian Journal, 15:214–
230, 2019.

[253] Jonathan R Burns, Kerstin Göpfrich, James W Wood, Vivek V Thacker, Eugen Stulz,
Ulrich F Keyser, and Stefan Howorka. Lipid-Bilayer-Spanning DNA Nanopores
with a Bifunctional Porphyrin Anchor. Angewandte Chemie International Edition,
52(46):12069–12072, 2013.

[254] Emma L Talbot, Jurij Kotar, Lorenzo Di Michele, and Pietro Cicuta. Directed tubule
growth from giant unilamellar vesicles in a thermal gradient. Soft Matter, 15(7):1676–
1683, 2019.

[255] Andrew Booth, Christopher J Marklew, Barbara Ciani, and Paul A Beales. In Vitro
Membrane Remodeling by ESCRT is Regulated by Negative Feedback from Mem-
brane Tension. iScience, 15:173–184, 2019.

[256] Andrew Booth, Christopher Marklew, Barbara Ciani, and Paul A Beales. The influence
of phosphatidylserine localisation and lipid phase on membrane remodelling by the
ESCRT-II/ESCRT-III complex. Faraday Discussions, 2020.

[257] Sarah L Veatch, Pietro Cicuta, Prabuddha Sengupta, Aurelia Honerkamp-Smith, David
Holowka, and Barbara Baird. Critical Fluctuations in Plasma Membrane Vesicles.
ACS Chemical Biology, 3(5):287–293, 2008.



References 153

[258] Tobias Baumgart, Adam T Hammond, Prabuddha Sengupta, Samuel T Hess, David A
Holowka, Barbara A Baird, and Watt W Webb. Large-scale fluid/fluid phase separation
of proteins and lipids in giant plasma membrane vesicles. Proceedings of the National
Academy of Sciences of the United States of America, 104(9):3165 LP – 3170, 2007.

[259] Aurelia R Honerkamp-Smith, Sarah L Veatch, and Sarah L Keller. An introduction to
critical points for biophysicists; observations of compositional heterogeneity in lipid
membranes. Biochimica et Biophysica Acta (BBA) - Biomembranes, 1788(1):53–63,
2009.

[260] Eugenia Cammarota, Chiara Soriani, Raphaelle Taub, Fiona Morgan, Jiro Sakai,
Sarah L Veatch, Clare E Bryant, and Pietro Cicuta. Criticality of plasma membrane
lipids reflects activation state of macrophage cells. Journal of The Royal Society
Interface, 17(163):20190803, 2020.

[261] Erin M Gray, Gladys Díaz-Vázquez, and Sarah L Veatch. Growth Conditions and Cell
Cycle Phase Modulate Phase Transition Temperatures in RBL-2H3 Derived Plasma
Membrane Vesicles. PLOS ONE, 10(9):e0137741, 2015.

[262] Mathieu Frechin, Thomas Stoeger, Stephan Daetwyler, Charlotte Gehin, Nico Battich,
Eva-Maria Damm, Lilli Stergiou, Howard Riezman, and Lucas Pelkmans. Cell-
intrinsic adaptation of lipid composition to local crowding drives social behaviour.
Nature, 523(7558):88–91, 2015.

[263] Robert Ernst, Stephanie Ballweg, and Ilya Levental. Cellular mechanisms of physico-
chemical membrane homeostasis. Current Opinion in Cell Biology, 53:44–51, 2018.

[264] Thomas R Shaw, Subhadip Ghosh, and Sarah L Veatch. Critical Phenomena in
Plasma Membrane Organization and Function. Annual Review of Physical Chemistry,
72(1):51–72, 2021.

[265] Katrin Weise, Gemma Triola, Luc Brunsveld, Herbert Waldmann, and Roland Win-
ter. Influence of the Lipidation Motif on the Partitioning and Association of N-
Ras in Model Membrane Subdomains. Journal of the American Chemical Society,
131(4):1557–1564, 2009.

[266] Ana J García-Sáez, Salvatore Chiantia, and Petra Schwille. Effect of Line Tension
on the Lateral Organization of Lipid Membranes. Journal of Biological Chemistry,
282(46):33537–33544, 2007.

[267] Ana J García-Sáez, Salvatore Chiantia, Jesús Salgado, and Petra Schwille. Pore
Formation by a Bax-Derived Peptide: Effect on the Line Tension of the Membrane
Probed by AFM. Biophysical Journal, 93(1):103–112, 2007.

[268] Chiara Nicolini, Jörg Baranski, Stefanie Schlummer, José Palomo, Maria Lumbierres-
Burgues, Martin Kahms, Jürgen Kuhlmann, Susana Sanchez, Enrico Gratton, Her-
bert Waldmann, and Roland Winter. Visualizing Association of N-Ras in Lipid
Microdomains: Influence of Domain Structure and Interfacial Adsorption. Journal of
the American Chemical Society, 128(1):192–201, 2006.



154 References

[269] Galya Staneva, Miglena I Angelova, and Kamen Koumanov. Phospholipase A2
promotes raft budding and fission from giant liposomes. Chemistry and Physics of
Lipids, 129(1):53–62, 2004.

[270] Friederike Schmid. Physical mechanisms of micro- and nanodomain formation in mul-
ticomponent lipid membranes. Biochimica et Biophysica Acta (BBA) - Biomembranes,
1859(4):509–528, 2017.

[271] Maximilian T Strauss, Florian Schueder, Daniel Haas, Philipp C Nickels, and Ralf
Jungmann. Quantifying absolute addressability in DNA origami with molecular
resolution. Nature Communications, 9(1):1600, 2018.

[272] Alexander H Clowsley, William T Kaufhold, Tobias Lutz, Anna Meletiou, Lorenzo
Di Michele, and Christian Soeller. Detecting Nanoscale Distribution of Protein Pairs
by Proximity-Dependent Super-resolution Microscopy. Journal of the American
Chemical Society, 142(28):12069–12078, 2020.

[273] Alexander H Clowsley, William T Kaufhold, Tobias Lutz, Anna Meletiou, Lorenzo
Di Michele, and Christian Soeller. Repeat DNA-PAINT suppresses background and
non-specific signals in optical nanoscopy. Nature Communications, 12(1):501, 2021.

[274] Do-Nyun Kim, Fabian Kilchherr, Hendrik Dietz, and Mark Bathe. Quantitative
prediction of 3D solution shape and flexibility of nucleic acid nanostructures. Nucleic
Acids Research, 40(7):2862–2868, 2012.

[275] David L Cheung. Aggregation of nanoparticles on one and two-component bilayer
membranes. The Journal of Chemical Physics, 141(19):194908, 2014.

[276] Tatyana M. Konyakhina, Shih Lin Goh, Jonathan Amazon, Frederick A. Heberle, Jing
Wu, and Gerald W. Feigenson. Control of a Nanoscopic-to-Macroscopic Transition:
Modulated Phases in Four-Component DSPC/DOPC/POPC/Chol Giant Unilamellar
Vesicles. Biophysical Journal, 101(2):L8–L10, 2011.

[277] Yannik Dreher, Kevin Jahnke, Elizaveta Bobkova, Joachim P Spatz, and Kerstin
Göpfrich. Division and Regrowth of Phase-Separated Giant Unilamellar Vesicles.
Angewandte Chemie International Edition, 60(19):10661–10669, 2021.

[278] Irene A. Chen and Peter Walde. From self-assembled vesicles to protocells. Cold
Spring Harbor Perspectives in Biology, 2(7), 2010.

[279] Kensuke Kurihara, Yusaku Okura, Muneyuki Matsuo, Taro Toyota, Kentaro Suzuki,
and Tadashi Sugawara. A recursive vesicle-based model protocell with a primitive
model cell cycle. Nature Communications, 6(1):8352, 2015.

[280] Ylenia Miele, Zsófia Medveczky, Gábor Holló, Borbála Tegze, Imre Derényi, Zoltán
Hórvölgyi, Emiliano Altamura, István Lagzi, and Federico Rossi. Self-division of giant
vesicles driven by an internal enzymatic reaction. Chemical Science, 11(12):3228–
3235, 2020.



References 155

[281] Patrick W Kudella, Katharina Preißinger, Matthias Morasch, Christina F Dirscherl, Di-
eter Braun, Achim Wixforth, and Christoph Westerhausen. Fission of Lipid-Vesicles by
Membrane Phase Transitions in Thermal Convection. Scientific Reports, 9(1):18808,
2019.

[282] Adamala Katarzyna and Szostak Jack W. Nonenzymatic Template-Directed RNA
Synthesis Inside Model Protocells. Science, 342(6162):1098–1100, 2013.

[283] Sheref S Mansy and Jack W Szostak. Thermostability of model protocell membranes.
Proceedings of the National Academy of Sciences of the United States of America,
105(36):13351–13355, 2008.

[284] Derek K O’Flaherty, Neha P Kamat, Fatima N Mirza, Li Li, Noam Prywes, and
Jack W Szostak. Copying of Mixed-Sequence RNA Templates inside Model Protocells.
Journal of the American Chemical Society, 140(15):5171–5178, 2018.

[285] Claudia Bonfio, David A Russell, Nicholas J Green, Angelica Mariani, and John D
Sutherland. Activation chemistry drives the emergence of functionalised protocells.
Chemical Science, 11(39):10688–10697, 2020.

[286] Claudia Bonfio, Elisa Godino, Maddalena Corsini, Fabrizia Fabrizi de Biani, Graziano
Guella, and Sheref S Mansy. Prebiotic iron–sulfur peptide catalysts generate a pH
gradient across model membranes of late protocells. Nature Catalysis, 1(8):616–623,
2018.

[287] Lorenz M R Keil, Friederike M Möller, Michael Kieß, Patrick W Kudella, and
Christof B Mast. Proton gradients and pH oscillations emerge from heat flow at the
microscale. Nature Communications, 8(1):1897, 2017.

[288] Claire R Cousins and Ian A Crawford. Volcano-Ice Interaction as a Microbial Habitat
on Earth and Mars. Astrobiology, 11(7):695–710, 2011.

[289] Christof B Mast, Natan Osterman, and Dieter Braun. Thermal Solutions for Molecular
Evolution. International Journal of Modern Physics B, 26(32):1230017, 2012.

[290] Peter Walde, Trishool Namani, Kenichi Morigaki, and Helmut Hauser. Formation and
Properties of Fatty Acid Vesicles (Liposomes). In G. Gregoriadis, editor, Liposome
Technology, pages 1–19. CRC Press, 3rd editio edition, 2018.

[291] David P Cistola, James A Hamilton, David Jackson, and Donald M Small. Ionization
and phase behavior of fatty acids in water: application of the Gibbs phase rule.
Biochemistry, 27(6):1881–1888, 1988.

[292] Per Ekwall, Leo Mandell, and Krister Fontell. Ternary systems of potassium soap,
alcohol, and water: I. Phase equilibria and phase structures. Journal of Colloid and
Interface Science, 31(4):508–529, 1969.

[293] Norman E Good, G Douglas Winget, Wilhelmina Winter, Thomas N Connolly, Sei-
kichi Izawa, and Raizada M M Singh. Hydrogen Ion Buffers for Biological Research*.
Biochemistry, 5(2):467–477, 1966.



156 References

[294] Itay Budin, Anik Debnath, and Jack W Szostak. Concentration-Driven Growth
of Model Protocell Membranes. Journal of the American Chemical Society,
134(51):20812–20819, 2012.

[295] Sheref S Mansy. Model Protocells from Single-Chain Lipids. International Journal
of Molecular Sciences, 10(3):835–843, 2009.

[296] Grigory S Filonov, Jared D Moon, Nina Svensen, and Samie R Jaffrey. Broccoli:
Rapid Selection of an RNA Mimic of Green Fluorescent Protein by Fluorescence-
Based Selection and Directed Evolution. Journal of the American Chemical Society,
136(46):16299–16308, 2014.

[297] Bruce Damer and David Deamer. The Hot Spring Hypothesis for an Origin of Life.
Astrobiology, 20(4):429–452, 2019.



Appendix A

Nanostructures and their sequences

A.1 Nanostructures for Chapter 3

Table A.1 dsDNA probe and the oligonucleotides it is composed of. The construct is
self-assembled through a quenching temperature ramp as discussed in the Methods at a
final concentration of 1 µM and then diluted for GUV functionalisation. Constructs require
strands in 1:1 stochiometric ratios.

Construct Strands
dsDNA probe D1 + D2

Table A.2 Sequences of oligonucleotide strands. Abbreviations: Cy3: terminal Cy3 fluo-
rophore modification.

Strand Sequence (5’ → 3’)
D1 /Cy3/CATCGTAGCTAAAAAAGTCATACATAGATTAGAGAG
D2 CTCTCTAATCTATGTATGACTTTTTTAGCTACGATG
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A.2 Nanostructures for Chapter 4

Table A.3 Nanostructures and oligonucleotides that comprise them. Each construct is
self-assembled through a quenching temperature ramp as discussed in the Methods at a
final concentration of 2 µM and then diluted for GUV functionalisation. Constructs require
strands in 1:1 stochiometric ratios, unless stated otherwise in the case of the nanostars.

Construct Strands
DuplexsC Bbb,chol + Bb + Memf

DuplexsT Bbb,toc + Bb + Memf

DuplexdC Bbb,chol + Bb,chol + Memf

DuplexsT+sC Bbb,toc + Bb,chol + Memf

2×-duplexdC+dC Bbb,chol + Bb,chol + Linf,∗ + Cb,chol + Cbb,chol
2×-duplexsT+dC Bbb,toc + Bb + Linf,∗ + LinF6 Cb,chol + Cbb,chol
NanostardC Dbb,chol + Db,chol + Armf

1 + Arm2 + Arm3,chol + (2×)Armblock,Bb
NanostarsT Bbb,toc + Bb + Armf

1 + Arm2 + Arm3,toc + (2×)Armblock,Db
State 1sT,cargo Bbb,toc + Bb + Linf,∗ + LinF12 + Antifuel1
State 1dC Cb,chol + Cbb,chol
State 2sT,cargo,dC Bbb,toc + Bb + Linf,∗ + LinF12 + Cb,chol + Cbb,chol
State 3cargo,dC Linf,∗ + LinF12 + Cb,chol + Cbb,chol + Antifuel2
Extended1X DuplexdC Dbb,chol + Db,chol + A1 + A1∗

Extended2X DuplexdC Dbb,chol + Db,chol + A1 + A1∗-A2 + A2∗

Extended3X DuplexdC Dbb,chol + Db,chol + A1 + A1∗-A2 + A2∗-A3 + A3∗
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Table A.4 Sequences of oligonucleotide strands. Abbreviations: TEG: triethyleneglycol;
FluorT: internal fluorescein modification on thymine (T).

Strand Sequence (5’ → 3’)
Bbb,chol /Cholesteryl-TEG/GTTGTGGTGGTGAGTGTG
Bb CATCTCACTACTCAACACCACACTCACCACCACAAC
Memf GTGTTGAGTAGTGAGATG/AlexaFluor488/
Bbb,toc /Octyl-Tocopherol/GTTGTGGTGGTGAGTGTG
Bb,chol CATCTCACTACTCAACACCACACTCACCACCACAAC/Cholesterol-TEG/
Cb,chol /Cholesteryl-TEG/CAATCACACCACAAACACCCAACACAACAACAAACC
Cbb,chol GTGTTTGTGGTGTGATTG/Cholesterol-TEG/
Linf,∗ GCTCTCTCATCACTAC/AlexaFluor488/
Lin6 GTGTTGAGTAGTGAGATGTTTGTAGTGATGAGAGAGCTTTGGTTTGTTGTTGTGTTGG
LinF12 GTGTTGAGTAGTGAGATGATTCGCGTAGTGATGAGAGAGCGTTGTAGGTTTGTTGTTGTG
Fuel1 GTTGTTGTGTTGGCCTTACTTCACG
Fuel2 GTTTGAGGTGAAGTGTTGAGTAGTG
Antifuel1 CGTGAAGTAAGGCCAACACAACAACAAACCTACAAC
Antifuel2 GCGAATCATCTCACTACTCAACACTTCACCTCAAAC
Db,chol CCAACACAACAACAAACCCGTTCCGACATAGAACCG/Cholesterol-TEG/
Dbb,chol /Cholesteryl-TEG/ CGGTTCTATGTCGGAACG
Armf

1 GTGTTGAGTAGTGAGATGTTGCAACGACTCCGCACTCGCGT/iFluorT/TGCGAATAGGTCTGTCAGTTT
Arm2 GGTTTGTTGTTGTGTTGGTTAAACTGACAGACCTATTCGCTTTCGTAGCTTGTATGACGGCTG
Arm3,chol GTGTTGAGTAGTGAGATGTTCAGCCGTCATACAAGCTACGTTTCGCGAGTGCGGAGTCGTTGC
Arm3,toc GGTTTGTTGTTGTGTTGGTTCAGCCGTCATACAAGCTACGTTTCGCGAGTGCGGAGTCGTTGC
Armblock,Db CCAACACAACAACAAACC
Armblock,Bb CATCTCACTACTCAACAC
A1 GGTTTGTTGTTGTGT/FluorT/GGAAACTGACAGACCTATTCGC
A1∗ GCGAATAGGTCTGTCAGTTT
A1∗-A2 GCAACGACTCCGCACTCGCGGCGAATAGGTCTGTCAGTTT
A2∗ CGCGAGTGCGGAGTCGTTGC
A2∗-A3 CGCGAGTGCGGAGTCGTTGCCGTAGCTTGTATGACGGCTG
A3∗ CAGCCGTCATACAAGCTACG
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A.3 Nanostructures for Chapter 5

Table A.5 Anchor modules and oligonucleotides that comprise them. Each construct is
self-assembled through a quenching temperature ramp as discussed in the Methods at a
final concentration of 2 µM and then diluted for GUV functionalisation. Constructs require
strands in 1:1 stochiometric ratios.

Construct Strands
AnchordC Cbb,chol + Cb,chol
AnchorsT Ebb + Eb,toc

Table A.6 Sequences of oligonucleotide strands. Abbreviations: TEG: triethyleneglycol.

Strand Sequence (5’ → 3’)
Cb,chol /Cholesteryl-TEG/CAATCACACCACAAACACCCAACACAACAACAAACC
Cbb,chol GTGTTTGTGGTGTGATTG/Cholesterol-TEG/
Ebb CGCACTCTCACGCTAAAC
Eb,toc /Octyl-Tocopherol/GTTTAGCGTGAGAGTGCGACTCCCATTAACTACACC
Linf,∗ GCTCTCTCATCACTAC/AlexaFluor488/

Table A.7 Staple sequences for DNA origami tile. Sequences of oligonucleotides com-
prising the origami plate, highlighting in bold the overhangs extended in selected staples
to accommodate domains to bind anchor-modules dC (blue) and sT (red) as well as the
fluorescent strand Linf,∗ (green).

Name Sequence
P1A01 TTTTCACTCAAAGGGCGAAAAACCATCACCGGTTTGTTGTTGTGTTGG
P1A02 GTCGACTTCGGCCAACGCGCGGGGTTTTTC
P1A03 TGCATCTTTCCCAGTCACGACGGCCTGCAG
P1A04 TAATCAGCGGATTGACCGTAATCGTAACCG
P1A05 AACGCAAAATCGATGAACGGTACCGGTTGAGGTTTGTTGTTGTGTTGG
P1A06 AACAGTTTTGTACCAAAAACATTTTATTTC
P1A07 TTTACCCCAACATGTTTTAAATTTCCATAT
P1A08 TTTAGGACAAATGCTTTAAACAATCAGGTCGGTTTGTTGTTGTGTTGG
P1A09 CATCAAGTAAAACGAACTAACGAGTTGAGA
P1A10 AATACGTTTGAAAGAGGACAGACTGACCTT
P1A11 AGGCTCCAGAGGCTTTGAGGACACGGGTAA
P1A12 AGAAAGGAACAACTAAAGGAATTCAAAAAAAGGTTTGTTGTTGTGTTGG
P1B01 CAAATCAAGTTTTTTGGGGTCGAAACGTGGA
P1B02 CTCCAACGCAGTGAGACGGGCAACCAGCTGCA
P1B03 TTAATGAACTAGAGGATCCCCGGGGGGTAACG
P1B04 CCAGGGTTGCCAGTTTGAGGGGACCCGTGGGA
P1B05 ACAAACGGAAAAGCCCCAAAAACACTGGAGCA
P1B06 AACAAGAGGGATAAAAATTTTTAGCATAAAGC
P1B07 TAAATCGGGATTCCCAATTCTGCGATATAATG
P1B08 CTGTAGCTTGACTATTATAGTCAGTTCATTGA
P1B09 ATCCCCCTATACCACATTCAACTAGAAAAATC
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P1B10 TACGTTAAAGTAATCTTGACAAGAACCGAACT
P1B11 GACCAACTAATGCCACTACGAAGGGGGTAGCA
P1B12 ACGGCTACAAAAGGAGCCTTTAATGTGAGAAT
P1C01 AGCTGATTGCCCTTCAGAGTCCACTATTAAAGGGTGCCGTGGTTTGTTGTTGTGTTGG
P1C04 GTATAAGCCAACCCGTCGGATTCTGACGACAGTATCGGCCGCAAGGCG
P1C05 TATATTTTGTCATTGCCTGAGAGTGGAAGATTGGTTTGTTGTTGTGTTGG
P1C06 GATTTAGTCAATAAAGCCTCAGAGAACCCTCA
P1C07 CGGATTGCAGAGCTTAATTGCTGAAACGAGTA
P1C08 ATGCAGATACATAACGGGAATCGTCATAAATAAAGCAAAGGGTTTGTTGTTGTGTTGG
P1C11 TTTATCAGGACAGCATCGGAACGACACCAACCTAAAACGAGGTCAATC
P1C12 ACAACTTTCAACAGTTTCAGCGGATGTATCGGGGTTTGTTGTTGTGTTGG
P1D01 AAAGCACTAAATCGGAACCCTAATCCAGTT
P1D02 TGGAACAACCGCCTGGCCCTGAGGCCCGCT
P1D03 TTCCAGTCGTAATCATGGTCATAAAAGGGG
P1D04 GATGTGCTTCAGGAAGATCGCACAATGTGA
P1D05 GCGAGTAAAAATATTTAAATTGTTACAAAG
P1D06 GCTATCAGAAATGCAATGCCTGAATTAGCA
P1D07 AAATTAAGTTGACCATTAGATACTTTTGCG
P1D08 GATGGCTTATCAAAAAGATTAAGAGCGTCC
P1D09 AATACTGCCCAAAAGGAATTACGTGGCTCA
P1D10 TTATACCACCAAATCAACGTAACGAACGAG
P1D11 GCGCAGACAAGAGGCAAAAGAATCCCTCAG
P1D12 CAGCGAAACTTGCTTTCGAGGTGTTGCTAA
P1E01 AGCAAGCGTAGGGTTGAGTGTTGTAGGGAGCCGGTTTGTTGTTGTGTTGG
P1E02 CTGTGTGATTGCGTTGCGCTCACTAGAGTTGC
P1E03 GCTTTCCGATTACGCCAGCTGGCGGCTGTTTC
P1E04 ATATTTTGGCTTTCATCAACATTATCCAGCCA
P1E05 TAGGTAAACTATTTTTGAGAGATCAAACGTTAGGTTTGTTGTTGTGTTGG
P1E06 AATGGTCAACAGGCAAGGCAAAGAGTAATGTG
P1E07 CGAAAGACTTTGATAAGAGGTCATATTTCGCA
P1E08 TAAGAGCAAATGTTTAGACTGGATAGGAAGCCGGTTTGTTGTTGTGTTGG
P1E09 TCATTCAGATGCGATTTTAAGAACAGGCATAG
P1E10 ACACTCATCCATGTTACTTAGCCGAAAGCTGC
P1E11 AAACAGCTTTTTGCGGGATCGTCAACACTAAA
P1E12 TAAATGAATTTTCTGTATGGGATTAATTTCTTGGTTTGTTGTTGTGTTGG
P1F01 CCCGATTTAGAGCTTGACGGGGAAAAAGAATA
P1F02 GCCCGAGAGTCCACGCTGGTTTGCAGCTAACT
P1F03 CACATTAAAATTGTTATCCGCTCATGCGGGCC
P1F04 TCTTCGCTGCACCGCTTCTGGTGCGGCCTTCC
P1F05 TGTAGCCATTAAAATTCGCATTAAATGCCGGA
P1F06 GAGGGTAGGATTCAAAAGGGTGAGACATCCAA
P1F07 TAAATCATATAACCTGTTTAGCTAACCTTTAA
P1F08 TTGCTCCTTTCAAATATCGCGTTTGAGGGGGT
P1F09 AATAGTAAACACTATCATAACCCTCATTGTGA
P1F10 ATTACCTTTGAATAAGGCTTGCCCAAATCCGC
P1F11 GACCTGCTCTTTGACCCCCAGCGAGGGAGTTA
P1F12 AAGGCCGCTGATACCGATAGTTGCGACGTTAG
P1G01 CCCAGCAGGCGAAAAATCCCTTATAAATCAAGCCGGCG
P1G04 TAAATCAAAATAATTCGCGTCTCGGAAACCAGGCAAAGGGAAGG
P1G05 GAGACAGCTAGCTGATAAATTAATTTTTGT
P1G06 TTTGGGGATAGTAGTAGCATTAAAAGGCCG
P1G07 GCTTCAATCAGGATTAGAGAGTTATTTTCA
P1G08 CGTTTACCAGACGACAAAGAAGTTTTGCCATAATTCGA
P1G11 TGACAACTCGCTGAGGCTTGCATTATACCAAGCGCGATGATAAA
P1G12 TCTAAAGTTTTGTCGTCTTTCCAGCCGACAA
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P1H01 TCAATATCGAACCTCAAATATCAATTCCGAAA
P1H02 GCAATTCACATATTCCTGATTATCAAAGTGTA
P1H03 AGAAAACAAAGAAGATGATGAAACAGGCTGCG
P1H04 ATCGCAAGTATGTAAATGCTGATGATAGGAAC
P1H05 GTAATAAGTTAGGCAGAGGCATTTATGATATT
P1H06 CCAATAGCTCATCGTAGGAATCATGGCATCAA
P1H07 AGAGAGAAAAAAATGAAAATAGCAAGCAAACT
P1H08 TTATTACGAAGAACTGGCATGATTGCGAGAGG
P1H09 GCAAGGCCTCACCAGTAGCACCATGGGCTTGA
P1H10 TTGACAGGCCACCACCAGAGCCGCGATTTGTA
P1H11 TTAGGATTGGCTGAGACTCCTCAATAACCGAT
P1H12 TCCACAGACAGCCCTCATAGTTAGCGTAACGA
P2A01 AACGTGGCGAGAAAGGAAGGGAAACCAGTAA
P2A02 TCGGCAAATCCTGTTTGATGGTGGACCCTCAA
P2A03 AAGCCTGGTACGAGCCGGAAGCATAGATGATG
P2A04 CAACTGTTGCGCCATTCGCCATTCAAACATCA
P2A05 GCCATCAAGCTCATTTTTTAACCACAAATCCA
P2A06 CAACCGTTTCAAATCACCATCAATTCGAGCCA
P2A07 TTCTACTACGCGAGCTGAAAAGGTTACCGCGC
P2A08 CCAACAGGAGCGAACCAGACCGGAGCCTTTAC
P2A09 CTTTTGCAGATAAAAACCAAAATAAAGACTCC
P2A10 GATGGTTTGAACGAGTAGTAAATTTACCATTA
P2A11 TCATCGCCAACAAAGTACAACGGACGCCAGCA
P2A12 ATATTCGGAACCATCGCCCACGCAGAGAAGGA
P2B01 TAAAAGGGACATTCTGGCCAACAAAGCATC
P2B02 ACCTTGCTTGGTCAGTTGGCAAAGAGCGGA
P2B03 ATTATCATTCAATATAATCCTGACAATTAC
P2B04 CTGAGCAAAAATTAATTACATTTTGGGTTA
P2B05 TATAACTAACAAAGAACGCGAGAACGCCAA
P2B06 CATGTAATAGAATATAAAGTACCAAGCCGT
P2B07 TTTTATTTAAGCAAATCAGATATTTTTTGT
P2B08 TTAACGTCTAACATAAAAACAGGTAACGGA
P2B09 ATACCCAACAGTATGTTAGCAAATTAGAGC
P2B10 CAGCAAAAGGAAACGTCACCAATGAGCCGC
P2B11 CACCAGAAAGGTTGAGGCAGGTCATGAAAG
P2B12 TATTAAGAAGCGGGGTTTTGCTCGTAGCAT
P2C01 TCAACAGTTGAAAGGAGCAAATGAAAAATCTAGAGATAGAGGTGTAGTTAATGGGAGT
P2C02 GTAGTGATGAGAGAGCATTAAGTTTACCGAGCTCGAATTCGGGAAACCTGTCGTGC
P2C03 GTAGTGATGAGAGAGCATAAGGGAACCGGATATTCATTACGTCAGGACGTTGGGAA
P2C04 TCAAATATAACCTCCGGCTTAGGTAACAATTTCATTTGAAGGCGAATT
P2C05 GTAAAGTAATCGCCATATTTAACAAAACTTTTGGTGTAGTTAATGGGAGT
P2C06 TATCCGGTCTCATCGAGAACAAGCGACAAAAG
P2C07 TTAGACGGCCAAATAAGAAACGATAGAAGGCT
P2C08 CGTAGAAAATACATACCGAGGAAACGCAATAAGAAGCGCAGGTGTAGTTAATGGGAGT
P2C09 GTAGTGATGAGAGAGCGCGATCGGCAATTCCACACAACAGGTGCCTAATGAGTG
P2C10 GTAGTGATGAGAGAGCTTGTGTCGTGACGAGAAACACCAAATTTCAACTTTAAT
P2C11 GCGGATAACCTATTATTCTGAAACAGACGATTGGCCTTGAAGAGCCAC
P2C12 TCACCAGTACAAACTACAACGCCTAGTACCAGGGTGTAGTTAATGGGAGT
P2D01 ACCCTTCTGACCTGAAAGCGTAAGACGCTGAG
P2D02 AGCCAGCAATTGAGGAAGGTTATCATCATTTT
P2D03 GCGGAACATCTGAATAATGGAAGGTACAAAAT
P2D04 CGCGCAGATTACCTTTTTTAATGGGAGAGACT
P2D05 ACCTTTTTATTTTAGTTAATTTCATAGGGCTT
P2D06 AATTGAGAATTCTGTCCAGACGACTAAACCAA
P2D07 GTACCGCAATTCTAAGAACGCGAGTATTATTT
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P2D08 ATCCCAATGAGAATTAACTGAACAGTTACCAG
P2D09 AAGGAAACATAAAGGTGGCAACATTATCACCG
P2D10 TCACCGACGCACCGTAATCAGTAGCAGAACCG
P2D11 CCACCCTCTATTCACAAACAAATACCTGCCTA
P2D12 TTTCGGAAGTGCCGTCGAGAGGGTGAGTTTCG
P2E01 CTTTAGGGCCTGCAACAGTGCCAATACGTGGGTGTAGTTAATGGGAGT
P2E02 CTACCATAGTTTGAGTAACATTTAAAATAT
P2E03 CATAAATCTTTGAATACCAAGTGTTAGAAC
P2E04 CCTAAATCAAAATCATAGGTCTAAACAGTA
P2E05 ACAACATGCCAACGCTCAACAGTCTTCTGAGGTGTAGTTAATGGGAGT
P2E06 GCGAACCTCCAAGAACGGGTATGACAATAA
P2E07 AAAGTCACAAAATAAACAGCCAGCGTTTTA
P2E08 AACGCAAAGATAGCCGAACAAACCCTGAACGGTGTAGTTAATGGGAGT
P2E09 TCAAGTTTCATTAAAGGTGAATATAAAAGA
P2E10 TTAAAGCCAGAGCCGCCACCCTCGACAGAA
P2E11 GTATAGCAAACAGTTAATGCCCAATCCTCA
P2E12 AGGAACCCATGTACCGTAACACTTGATATAAGGTGTAGTTAATGGGAGT
P2F01 GCACAGACAATATTTTTGAATGGGGTCAGTA
P2F02 TTAACACCAGCACTAACAACTAATCGTTATTA
P2F03 ATTTTAAAATCAAAATTATTTGCACGGATTCG
P2F04 CCTGATTGCAATATATGTGAGTGATCAATAGT
P2F05 GAATTTATTTAATGGTTTGAAATATTCTTACC
P2F06 AGTATAAAGTTCAGCTAATGCAGATGTCTTTC
P2F07 CTTATCATTCCCGACTTGCGGGAGCCTAATTT
P2F08 GCCAGTTAGAGGGTAATTGAGCGCTTTAAGAA
P2F09 AAGTAAGCAGACACCACGGAATAATATTGACG
P2F10 GAAATTATTGCCTTTAGCGTCAGACCGGAACC
P2F11 GCCTCCCTCAGAATGGAAAGCGCAGTAACAGT
P2F12 GCCCGTATCCGGAATAGGTGTATCAGCCCAAT
P2G01 AGATTAGAGCCGTCAAAAAACAGAGGTGAGGCCTATTAGTGGTGTAGTTAATGGGAGT
P2G02 GTAGTGATGAGAGAGCATTCATTTTTGTTTGGATTATACTAAGAAACCACCAGAAG
P2G03 GTAGTGATGAGAGAGCCACCCTCAGAAACCATCGATAGCATTGAGCCATTTGGGAA
P2G04 GTGATAAAAAGACGCTGAGAAGAGATAACCTTGCTTCTGTTCGGGAGA
P2G05 GTTTATCAATATGCGTTATACAAACCGACCGTGGTGTAGTTAATGGGAGT
P2G06 GCCTTAAACCAATCAATAATCGGCACGCGCCT
P2G07 GAGAGATAGAGCGTCTTTCCAGAGGTTTTGAA
P2G08 GTTTATTTTGTCACAATCTTACCGAAGCCCTTTAATATCAGGTGTAGTTAATGGGAGT
P2G09 GTAGTGATGAGAGAGCAACAATAACGTAAAACAGAAATAAAAATCCTTTGCCCGAA
P2G10 GTAGTGATGAGAGAGCAGCCACCACTGTAGCGCGTTTTCAAGGGAGGGAAGGTAAA
P2G11 CAGGAGGTGGGGTCAGTGCCTTGAGTCTCTGAATTTACCGGGAACCAG
P2G12 CCACCCTCATTTTCAGGGATAGCAACCGTACTGGTGTAGTTAATGGGAGT
P2H01 CTTTAATGCGCGAACTGATAGCCCCACCAG
P2H02 CAGAAGATTAGATAATACATTTGTCGACAA
P2H03 CTCGTATTAGAAATTGCGTAGATACAGTAC
P2H04 CTTTTACAAAATCGTCGCTATTAGCGATAG
P2H05 CTTAGATTTAAGGCGTTAAATAAAGCCTGT
P2H06 TTAGTATCACAATAGATAAGTCCACGAGCA
P2H07 TGTAGAAATCAAGATTAGTTGCTCTTACCA
P2H08 ACGCTAACACCCACAAGAATTGAAAATAGC
P2H09 AATAGCTATCAATAGAAAATTCAACATTCA
P2H10 ACCGATTGTCGGCATTTTCGGTCATAATCA
P2H11 AAATCACCTTCCAGTAAGCGTCAGTAATAA
P2H12 GTTTTAACTTAGTACCGCCACCCAGAGCCA
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A.4 Oligonucleotides for Chapter 6

Table A.8 Split Broccoli aptamer and the fragments it is composed of.

Construct Strands
Broccoli aptamer BroccoliFrag1 + BroccoliFrag2

Table A.9 Sequences of oligonucleotide strands.

Strand Sequence (5’ → 3’)
BroccoliFrag1 GCGGAGACGGUCGGGUCCAGAUA
BroccoliFrag2 UAUCUGUCGAGUAGAGUGUGGGCUCCGC




