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apl. Prof. Dr. Michael Hausmann





Abstract

The bottom-up engineering of synthetic cells has emerged as a powerful field
to understand the complex environment and processes of natural living cells. In
particular, the development and reconstitution of synthetic cells with a cytoskeleton
sets a major milestone and challenge for this aim because it is an essential, versa-
tile and multifunctional part of all eukaryotic cells. However, current progress is
limited because natural cytoskeletal components are difficult to purify, deliberately
engineer and reconstitute within synthetic cells which therefore limits the otherwise
multifaceted role of modern cytoskeletons. In this work, I explore means by which
natural cytoskeletons can be engineered to assist the shape governing function and
motility of synthetic cells. Moreover, I design synthetic cytoskeletons made from
deoxyribonucleic acid (DNA) as a building block to overcome current limitations of
natural cytoskeletons with DNA as a programmable and versatile tool. I show that
DNA-based cytoskeletons can be reversibly assembled inside compartments with
multiple stimuli, bundled into more rigid filaments, used for compartment defor-
mation and as tracks for intracellular vesicle transport. This showcases the power
of DNA cytoskeletons for bottom-up synthetic cell assembly as fully engineerable
entities. All in all, I have shown how to rationally construct multifunctional natural
and synthetic cytoskeletons that pave the way for engineering a synthetic cell that
truly deserves its name.

Zusammenfassung

Das Bottom-up-Engineering synthetischer Zellen hat sich zu einem wichtigen
Feld entwickelt, um die komplexe Umgebung und die Prozesse natürlicher, leben-
der Zellen zu verstehen. Insbesondere die Entwicklung und Rekonstitution syn-
thetischer Zellen mit einem Zytoskelett stellt einen wichtigen Meilenstein und eine
Herausforderung für dieses Ziel dar, da es ein wesentlicher, vielseitiger und multi-
funktionaler Bestandteil aller eukaryotischen Zellen ist. Der derzeitige Fortschritt
ist jedoch begrenzt, da natürliche Zytoskelettkomponenten nur schwer aufzureinigen,
gezielt zu verändern und in synthetischen Zellen zu rekonstituieren sind, wodurch
die sonst vielseitige Rolle moderner Zytoskelette eingeschränkt wird. In dieser Ar-
beit untersuche ich, wie natürliche Zytoskelette so gestaltet werden können, dass
sie die formgebende Funktion und Beweglichkeit synthetischer Zellen unterstützen.
Darüber hinaus entwerfe ich synthetische Zytoskelette aus Desoxyribonukleinsäure
(DNS) als Baustein, um die derzeitigen Einschränkungen natürlicher Zytoskelette
mit DNS als programmierbarem und vielseitigem Werkzeug zu überwinden. Ich
zeige, dass DNS-basierte Zytoskelette innerhalb von Kompartimenten mit verschiede-
nen Stimuli reversibel zusammengesetzt, zu steiferen Filamenten gebündelt, zur De-
formation von Kompartimenten und als Bahnen für den intrazellulären Vesikeltrans-
port verwendet werden können. Dies zeigt, wie leistungsfähig DNS-Zytoskelette für
den synthetischen bottom-up Zellaufbau sind, da sie vollständig konstruierbar sind.
Alles in allem habe ich präsentiert, wie man auf rationale Weise multifunktionale
natürliche und synthetische Zytoskelette konstruieren kann, die den Weg für die
Entwicklung einer synthetischen Zelle ebnen, die ihren Namen wirklich verdient.
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Chapter 1

Motivation

Bottom-up synthetic biology aims to engineer a living cell from scratch. With this
highly appealing, yet ambitious long-term goal in mind, it emerged as a highly
interdisciplinary field with experimental and theoretical contributions from physics,
chemistry, biology and mathematics. It is evident that bold questions like ‘What is
life?’ and ‘Can we recreate it?’ appeal to scientists of various disciplines in their
quest to understand the complex phenomenon of life. Interdisciplinarity is also a
necessity in order to answer these discipline-spanning questions. After all, life is a
biological phenomenon made up from chemical entities that are governed by the laws
of physics and can be modeled with mathematical descriptions. Synthetic biology
therefore is and requires a multidisciplinary effort to enhance our understanding of
what defines life, how it emerged, where it could go and if it could possibly be any
different. In more detail, synthetic biology strives to answer and shed light on the
process called life with the following aims in mind:

Aim 1: Biomedical applications The engineering of synthetic cell-like parti-
cles has an enormous benefit for drug delivery applications. Especially in times of
the COVID19-pandemic it became remarkably clear that the ability to deliberately
encapsulate cargo (i.e. messenger ribonucleic acid) into liposomes and selectively
deliver them to cells of choice has a huge advantage over other techniques. This
was only made possible by an enhanced understanding of membrane vesicles, their
manipulation and functionalization.
Moreover, looking a bit further into the future, the prospect of creating synthetic
cells with desired functions i.e. to kill specific other cells, to enhance proliferation
or to generate energy may provide a shortcut for current state-of-the-art medical
treatments.

Aim 2: Biophysical understanding of natural cells Even though natural
living cells are the most fundamental building blocks of life, the complexity within a
single cell still remains far from understood. The simplified environment of in vitro
reconstituted systems which only contain certain synthesized or purified genes, pro-
teins or lipids provide a fruitful environment for testing, characterizing and probing
our current knowledge on cells. The reconstituted systems thereby also showcase
flaws or gaps of the current description, which would not be possible within the
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complex conditions inside natural living cells.

Aim 3: Materials engineering One specific branch of synthetic biology takes
on the exciting challenge to create a synthetic cell by fully synthetic means without
any purified proteins, lipids, nucleic acids or genes. The shape and function of nat-
ural cells are not treated as a template for engineering synthetic cells but merely as
one (and not ‘the’) possible solution to the development of life. While this may seem
unreasonable from a purely biological background, life is most commonly defined by
its functions and not the chemical nature of its molecular constituents. This justifies
the use of synthetic materials to engineer life-like functionality in which any means
that achieve life-like functions on an abstract level are permitted. With this freedom
in component choice, the field serves as a great benefactor to materials engineering.
Synthetic biologists are interested not only in the making of novel materials (i.e.
metamaterials) but also in the repurposing of existing materials (i.e. deoxyribonu-
cleic acid (DNA) nanotechnology). Therefore, the field of creating synthetic cells
by purely synthetic means contributes greatly to technological advancements in the
field of material sciences.

Aim 4: Philosophy The relatively simple question ‘What is life?’ is remarkably
hard to answer. There exist many different theoretical legitimate definitions of life,
however, they are either too broad or one can find exceptions. Synthetic biology
tries to find an answer to this question from an experimental perspective by creating
life-like entities either from the top-down by eliminating unessential genes or from
the bottom-up by enhancing complexity step-by-step. Both approaches therefore
contribute significantly to an enhancement of understanding life.
In addition to the question of ‘What is life’, there are also many efforts towards
understanding how life on earth emerged. Similar to synthetic cells, the first cell was
likely to be a very primitive one, stripped off of modern cells complexity. Therefore,
the question about the origin of life poses another key motivation for bottom-up
synthetic biology. Thus, the far-distant goal of creating a living cell by synthetic
constituents would shed light on the question ‘What is life’ and the existence of the
world as we know it.

In this PhD thesis, I will engineer dynamic and stimuli-responsive synthetic cells
with a cytoskeleton towards these aims. In particular, I will demonstrate the en-
gineering of compartment mobility and membrane modifications (Aim 1). I will
develop systems made from natural proteins and DNA to control the shape of cells
and giant unilamellar vesicles (GUVs) in order to understand their biophysical prop-
erties (Aim 2). Finally, I will present the development of synthetic DNA-based cy-
toskeletons (Aim 3) in order to engineer life-like functionality from purely synthetic
building blocks (Aim 4).
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Chapter 2

Introduction

2.1 Synthetic biology

In this chapter, I want to give an overview on the current definitions of life and
its fundamental constituents. The latter will be especially important for engineer-
ing synthetic cells with components from natural cytoskeletons like actin filaments.
Moreover, it opens up the question if life could also be different or independent from
these building blocks. I will explore this question by employing DNA nanotechnol-
ogy to build up synthetic cytoskeletons that can possess very similar characteristics
as natural filaments even though they are rationally engineered from the bottom-up.

2.1.1 What is life?

The question of ‘What is life?’ is, given its obvious relevance and simplicity, ex-
tremely difficult to answer. In the following, I will briefly give an overview on
current definitions of life and where they might or do fail. This discussion will then
pave the way for our focus on the engineering of synthetic cells with certain key
characteristics like the possession of a multifunctional cytoskelton or the ability to
divide. Additionally, I will conclude from this that the lack of an overarching defi-
nition of life and its typical definition via its functions and not its chemistry allows
us to also explore alternative - purely synthetic - possibilities of life-like architectures.

The easiest possible definition of life is descriptive by collecting physiological
functions of living systems. Most commonly, these include a program, improvi-
sation, compartmentalization, energy, regeneration, adaptability and seclusion [1].
However, given these features of a living system, a single animal of one species could
not be called alive because it cannot reproduce itself [2]. Moreover, given that this
definition is descriptive, it arguably does not capture the essence of life that we
do not know yet. An alternative definition is based on the underlying physics of
living systems and approaches the question from a physical point of view. It states
that living systems are systems that are capable of decreasing or maintaining their
entropy by consuming energy i.e. ∆Sliving ≤ 0 in contrast to the second law of ther-
modynamics which states ∆S > 0 for any closed system [3]. As appealing as this
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definition might seem from a physicist’s point of view, it is too general. Fire, for
example, could also be seen as alive since it fuels on the dissipation of energy [2].
A third and most commonly used definition is that life is a self-sustaining chemical
system capable of Darwinian evolution. This definition is more general as it relates
to a ‘system’ and not an organism and acknowledges life as a process and not as a
set of certain features. Moreover, there is evidence that any living system (the ones
we know and might not know) has to undergo Darwinian evolution [4]. A major
problem that does arise is for example that humans are on the verge of manipu-
lating Darwinian evolution via directed manipulation of their genes. Even though
they are theoretically still capable of undergoing evolution, they are or might not be
subjected to it anymore [2]. Given these overall problems for defining life and when
to call something alive, many scientists nowadays view life as a continuum process,
which does not rely on defining something to be alive or not alive but rather includes
a degree of liveliness [5].
All in all, this discussion shows the ambiguity of a universal definition of life while
also giving an idea on what criteria a minimal synthetic cell has to fulfill. In this the-
sis, I will especially focus on the signalling capabilities, the division and cytoskeletal
features of synthetic cells which are closely related to the key features that make up
living systems.

2.1.2 Building blocks of natural cells

In contrast to the definition of living systems, we have a very detailed knowledge on
the constituents of natural living cells. The four main macromolecules that make
up a natural cell are carbohydrates, lipids, proteins and nucleic acids (Figure 2.1)
[6].
Carbohydrates are the main constituents for energy production and storage within
cells. The most prominent example for energy generation is glycolysis, in which
glucose is degraded to produce adenosine triphosphate (ATP) and reduced nicoti-
namide adenine dinucleotide (NADH). Alternatively, sugar can also be formed by
means of photosynthesis. This has been of particular interest for engineering syn-
thetic chloroplast mimics that were able to harvest light energy for CO2 fixation
[7]. Carbohydrates also enable sensory function of cell membranes, where they are
essential for cell recognition [8].
More important for this PhD thesis, however, are lipids since they are the main
constituent of the compartment barrier: the membrane. Lipids are amphiphilic
molecules that self-assemble into lipid bilayer membranes due to the hydrophobic
effect. The lipid bilayer then acts as a semi-permeable compartment barrier en-
closing an aqueous phase. Lipid vesicles i.e. membrane-enclosed aqueous containers
are the main compartment choice for engineering synthetic cells due to their close
resemblance of physiological conditions that we know from natural cells. They are
especially interesting for this work because cell membranes are generally shaped by
the cellular cytoskeleton, which can stabilize or remodel it and determine its over-
arching function [9].
The cytoskeleton itself, however, is made up of a different set of macromolecules,
namely proteins. Proteins are catalytic units made up of amino acids that typically
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serve one particular function. Actin for example, as part of the cytoskeleton, is able
to polymerize into micrometer-long filaments that enhance the cellular rigidity and,
whose polymerization leads to cell motility [10]. The purification and reconstitution
of natural proteins is therefore a major branch in synthetic biology, because of their
inherent functionality and direct relatedness to biological systems.
The structure and function of proteins is encoded within nucleic acids, as the
last essential cellular macromolecule, which can be transcribed and translated into
polypeptide chains that make up a protein. Nucleic acids are thus used as infor-
mation storage and hence play an important role for Darwinian evolution. The
profound knowledge of deoxyribonucleic acid (DNA) in biological systems and the
possibility to synthesize it in vitro also led to the emergence of the at first sight
unrelated field of DNA nanotechnology. DNA nanotechnology is a field in the mate-
rial sciences which uses DNA as a building material for nano- and micrometer-sized
architectures disregarding the natural function of DNA as a genetic storage unit [11,
12]. This led to the emergence of a broad spectrum of DNA structures with multiple
different functions for versatile fields [13] including synthetic biology [14].
In the following sections, we will explore two types of compartments, which are
water-in-oil droplets and giant unilamellar lipid vesicles. Moreover, I will discuss
how to fill the compartments with functions, in particular cytoskeletons, and ex-
plain the respective advantages of protein reconstitution and DNA nanotechnology
towards this aim.

2.1.3 Engineering synthetic cells from the bottom-up

Now that we know the key constituents of natural cells, we can take a deeper look
into the engineering of synthetic cells. In order to engineer synthetic cells, there are
typically two key questions: First, which compartment type do I choose? Seccond,
what function do I want to establish? On the one hand, this is the case because
there are different compartment types available i.e. water-in-oil droplets, polymer-
somes and lipid vesicles [16]. On the other hand, it is still very difficult to engineer
multiple functions within one giant unilamellar vesicle (GUV), which is why one
typically focuses on a particular function to establish. The type of functions can
vary from translating certain genes [17, 18], engineering coacervates [19, 20], mim-
icking signalling cascades [21, 22], encapsulating natural cytoskeletons [23, 24] to
using them for energy generation [7, 25, 26] (Figure 2.2). Notably, there have also
been diverse efforts to engineer a synthetic cell that does not rely on proteins. The
most prominent examples to include functionality employ DNA nanotechnology to
create functional higher order structures by design. In this regard, a scramblase [27],
cytoskeletal proteins [28], synthetic membrane channels [29, 30] or cell-cell contacts
[31] have been built and employed for synthetic cell assembly.

A major drawback of current approaches, however, is their limited potential for
multifunctionality: It is challenging to combine the diverse functional modules in
one synthetic cellular compartment. In this work, I aim to overcome this issue and
establish multiple different functions within one droplet or GUV using actin-based
natural and DNA-based synthetic cytoskeletons. I therefore envision to narrow the
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Figure 2.1: Fundamental building blocks of life. The four main macromolecules
that make up a natural cell are nucleic acids, carbohydrates (glycans), proteins and
lipids. Reprinted with permission from [15].

complexity gap between natural cells and current synthetic cell models and pave the
way for truly synthetic cells.

2.2 Compartment types

One of the most striking observations of natural living cells is that they are com-
partmentalized [32]. Compartmentalization allows a cell to have its own chemical
environment within a confined reaction space. The distinct chemical environment
enables different cells to perform different functions and therefore to differentiate.
The confined reaction space, on the other hand, leads to a faster reaction kinetics by
decreasing diffusion times. The compartment size typically ranges from 1-100µm.
Why are cells not smaller or bigger? Cells are not smaller because they need a cer-
tain volume to accommodate the necessary amount of proteins and nucleic acid to
perform its most basic functions e.g. reproduction and transfer of genetic material.
A bacterium with a diameter of 1µm ‘only’ contains 4.2 × 107 proteins molecules
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Figure 2.2: Versatile functions reconstituted in bottom-up assembled synthetic cells.
a Coacervation within GUVs upon ATP influx. Reprinted with permission from
[19]. b Light-harvesting choloroplast mimics for CO2 fixation. Encapsulated photo-
synthetic membranes lead to energy generation that can be used for the synthetic
crotonyl–coenzyme A (CoA)/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH) cy-
cle. Reprinted with permission from [7]. c Deformation of actin-containing phase-
separated GUVs due to actin polymerization. Reprinted with permission from [23].

[33]. A single protein therefore already represents a concentration of 1.67 nM. On
the contrary, cells typically do not grow bigger than 100µm in length because of the
decrease in their surface to volume ratio and their need to uptake nutrients via their
surface i.e. their membrane [34, 35]. A simple approximation reveals that a spherical
cell with a radius of ri =1mm would have to find ways to enhance the uptake via
the membrane by a factor of 100 compared to a cell with a radius of rj=10µm:

Aj/Vj

Ai/Vi

=
ri
rj

= 100 . (2.1)

As both of these size boundaries also apply for synthetic cells that are supposed to
have the same functionality as natural cells, we need to establish and employ mecha-
nisms that allow us to encapsulate cargo within compartment sizes from 1-100µm. In
the following, I will introduce two different compartment types, namely surfactant-
stabilized water-in-oil droplets and lipid bilayer-enclosed vesicles that yield com-
partments in these size ranges and are widely employed for bottom-up synthetic
biology.

2.2.1 Microfluidic water-in-oil droplets and fluid mechanics

One of the most popular compartment types in bottom-up synthetic biology are
emulsion droplets. Commonly, water and oil are used as the two immiscible fluids to
generate spherical emulsions droplets encapsulating an aqueous phase. The spherical
shape of water-in-oil droplets can be understood as a minimization of their inter-
facial tension γ. The surface energy is minimal, when the surface-to-volume ratio
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of droplets in emulsions is minimal. The geometrical shape with minimal surface-
to-volume ratio is a sphere, which explains why almost all cell-sized compartments
used within bottom-up synthetic biology have a spherical shape.
However, at high densities of droplets, the emulsion droplets are unstable over
time because they coalesce with one another to minimize the surface free energy.
Therefore, droplets are often stabilized via surfactants to prevent droplet fusion
and to keep the compartment integrity. A surfactant (surface active agent) is an
amphiphilic molecule that adsorbs at the water-oil interface. This decreases the
interfacial tension γ and thereby stabilizes the water-in-oil emulsion as it prevents
coalescence of droplets. The decrease in interfacial tension and therefore the amount
of stabilization directly correlates with the number of adsorbed surfactant molecules:

Γ = − c

RT

dγ

dc
, (2.2)

with Γ being the surfactant concentration at the interface, c the surfactant con-
centration in bulk, R the gas constant and T the temperature [36]. In equilibrium
conditions, the surfactant concentration at the interface Γ and the interfacial ten-
sion γ are constant. However, if there is a gradient in surface tension e.g. due to
a gradient in temperature across the droplet this generates a stress at the droplet
interface σ as we can directly infer from equation 2.2 [37]:

∇γ ∝ dγ

dx

[︃
N/m

m

]︃
∝ σ

[︃
N

m2

]︃
. (2.3)

The mass transfer via a gradient in surface tension is called Marangoni flow. This
Marangoni flow is balanced by viscous stresses of the surrounding solutions, which
in turn can lead to the propulsion of the droplet itself [38]. The order of magnitude
of propulsion is:

v ∝ r∇γ

η
, (2.4)

with v being the droplet velocity, r the droplet radius and η the dynamic viscosity
[39, 40]. Notably, any effect that creates a gradient in surface tension will cause a
tangential stress at the interface. Apart from temperature, this can also be mediated
by the localized adsorption or desorption of surfactants. If we insert typical numbers
r = 10µm, ∇γ = 1mN/m and η = 1mPa s this yields propulsion velocities on the
order of: 10 µms−1.
Now that we know the constituents of droplets and their physico-chemical effects,
I will discuss the formation and manipulation of surfactant-stabilized water-in-oil
droplets via microfluidics. Microfluidics is an established technology for the control
and manipulation of fluids on the micrometer scale. Its wide applicability ranges
from disease diagnostics [41], basic molecular biology [42, 43] to inkjet printing
[44]. The specific branch employed for engineering synthetic cells is droplet-based
microfluidics. Droplet-based microfluidics relies on the generation of thousands of
monodisperse water-in-oil emulsions on a microfluidic device, which consists of 5-
300µm-wide channels that can be supplied with water and oil or any other immiscible
fluids. The main determinant for the droplet generation is the pressure that is
applied on the liquids within the microfludic channels. I now want to discuss the
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physics behind the droplet generation and subsequently highlight a few microfluidic
devices that are especially relevant for this thesis.
Fluid flow on the micrometer scale, as any fluid flow, is generally described by the
Navier-Stokes equation (NSE):

∂u⃗

∂t
+ (u⃗ · ∇)u⃗ = −∇Φ− 1

ρ
∇p+ ν∆u⃗ , (2.5)

where u⃗ is the velocity vector field, Φ an external potential, ρ the fluid density, p the
pressure field, ν the kinematic viscosity of the fluid and we assumed that the fluid
is incompressible (∇u⃗ = 0). The Navier-Stokes equation is therefore a force balance
of inertia (∂u⃗

∂t
+(u⃗ ·∇)u⃗) with external potentials (−∇Φ) pressure gradients (−1

ρ
∇p)

and viscous forces (ν∆u⃗). Notably, it is still an open question if smooth solutions
for this equation always exist [45]. However, in the case of microfluidic channels, we
can propose a few reasonable assumptions and boundary conditions. The first one is
that we can neglect the external potential, as we e.g. do not apply an electric field to
the droplet and assume that gravitational forces are small compared to the pressure
gradient and viscous flow. If we further assume a steady and fully developed flow i.e.
∂u⃗
∂t

= 0 and ∇u⃗ = 0 and transfer from cartesian to cylindrical coordinates ur, uϕ, ux

where we assume that ur = 0 and uϕ = 0 i.e. that no swirls occur, the left hand side
of equation 2.5 vanishes. Finally, if we assume axisymmetricity, we are left with:

0 = −1

ρ
∇p+ ν∆u⃗ ⇐⇒ 1

r

∂ux

∂r
r
∂

∂r
=

1

ρν

∂p

∂x
. (2.6)

Upon integration and applying the boundary conditions ux(r = 0) = 0 as well as
ux(r = R) = 0 this yields a velocity profile of the form:

ux =
1

4νρ

∂p

∂x
(r2 −R2) , (2.7)

which is also called the Hagen-Poiseuille equation. Since ∂p
∂x

is typically constant
across the channel length, the flow profile is parabolic with a maximum velocity in
the center of the channel. A flow that can be described with the Hagen-Poiseuille
equation is called laminar. Now we can deduce a useful characteristic of microflu-
idics: the volumetric flow rate, which is strongly determined by the channel geome-
tries. We can calculate it by integrating the flow profile over the channel radius:

Q =

∫︂ R

0

ux2πrdr =
πR4

8ρν

∂p

∂x
. (2.8)

From this we learn that the channel geometries of microfluidic devices are of great
importance for controlling fluid flow as e.g. a decrease in radius by a factor of two
leads to an decrease of the flow rate by a factor of 16 when keeping the applied
pressure constant. With typical flow rates for microfluidics of 10 µL/min for the
aqueous phase, and a given droplet diameter of 25µm (hence a volume of ≈65 pL)
therefore allows the generation of up to 2500 monodisperse droplets per second.
As we said earlier, these equations only hold for steady, fully developed and axisym-
metrical flows. To determine if a flow actually fulfills these criteria, we can introduce

Chapter 2 Kevin Jahnke 23



Rational engineering of cytoskeletons for synthetic cells

the so-called Reynolds number as a general parameter to distinguish between flow
profiles. To obtain this parameter, we transform the Navier-Stokes equation for
incompressible fluids in absence of any potential to its dimensionless form. By in-
troducing a characteristic length scale L and velocity U , we get the following scaling
parameters:

u⃗∗ =
u⃗

U
, (2.9)

t∗ =
t

L/U
, (2.10)

∇∗ = L∇ , (2.11)

p∗ =
pL

ρUν
, (2.12)

from which we obtain the dimensionless Navier-Stokes equation:

∂u⃗∗
∂t∗

+ (u⃗∗ · ∇∗)u⃗∗ = −∇∗p∗ +
ν

UL
∆∗u⃗∗ . (2.13)

As a measure for the flow profile, we have to determine the ratio of inertial and
viscous forces. To do so, we define the Reynolds number as

Re =
inertial forces

viscous forces
=

(u⃗ · ∇)u⃗

ν∆u⃗
=

U2/L

νU/L2
=

UL

ν
, (2.14)

i.e. as the prefactor for the amount of the viscosity-related acceleration ∆∗u⃗∗. At
high Reynolds numbers, viscous forces are negligible and the flow profile is therefore
only determined via inertia and pressure gradients. The flow is then called turbulent.
On the contrary, at low Reynolds numbers viscous forces dominate and we can
assume that equation 2.6 holds, which will lead to a laminar flow profile. Notably,
the transition in between both flow profiles is still poorly understood, which is why
typically the following definition applies:

Re =
UL

ν
=

⎧
⎪⎨
⎪⎩

< 2300 laminar flow

2300 < x < 2900 intermediate

> 2900 turbulent flow

(2.15)

By inserting typical numbers for a microfludic device with a channel diameter of
100 µm, a fluid velocity of Q/Across = 10 µLmin−1/π(10 × 10−6 µm2)2 = 21mms−1

and a kinematic viscosity of 1mm2/s for water, we obtain a Reynolds number of
2.1, which means that the flow within a microfluidic device is laminar and follows
the Hagen-Poisseuile equation 2.7.
All in all, we have found that the flow profile in microfluidics is laminar, that it can
be used to generate monodisperse water-in-oil droplets at rates of several kHz and
that the physicochemical environment of the droplet is influenced by the surfactant
molecule.
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Figure 2.3: Microfluidic generation of monodisperse water-in-oil droplets with a
single (left) and a double-inlet device (right) at a flow-focusing T-junction. Liquid
solutions are propelled through microfluidic channels via pressure gradients that can
be supplied with pressure pumps. At a flow-focusing T-junction, the oil phase cuts
off the aqueous solution and generates monodisperse water-in-oil compartments.
Typically, the oil phase contains a surfactant that self-assembles at the water-oil
interface and stabilizes the droplet. An alternative design is the use of a two-inlet
device (right image), which can supply two aqueous phases and prevents mixing of
the solutions before encapsulation.

Finally, we want to take a look at two different microfluidic devices in more detail.
Figure 2.3 depicts a schematic representation of the droplet generating junction
of two microfludic polydimethylsiloxane (PDMS)-devices. The simplest device to
generate droplets contains only a single inlet for the aqueous phase and another one
for the oil inlet. The flows are generated with pressure gradients that can be supplied
via pressure pumps. At a flow-focusing T-junction the aqueous phase is cut off by the
oil phase, which leads to the generation of monodisperse water-in-oil droplets at up
to kHz-frequencies. In order to stabilize the compartment, the oil phase (consisting
of fluorinated oils like hydrofluoroethers (HFE)) contains perfluorinated polyether
(PFPE)-polyethylene glycol (PEG) surfactants that accumulate at the water-in-
oil droplet interface and stabilize the compartment. A second microfluidic device
that was used for the study is the so-called two-inlet device, which has to different
channels for the supply of the aqueous phase. These merge just before arriving at the
flow focusing T-junction and only mix after the encapsulation due to the laminar flow
profile at their interface. This device therefore allows to encapsulate components
that should not mix before the encapsulation. In this work, the advantages of the
reliable generation of monodisperse surfactant-stabilized water-in-oil droplets was
used for the encapsulation of an actin cytoskeleton (Publications 2 and 3) as well as
for DNA-based nanostructures (Publications 4, 5 and 6).

2.2.2 Lipid vesicles and membrane biophysics

We have seen that droplet-based microfluidics has great advantages when it comes
to the reliable encapsulation of cargo into monodisperse water-in-oil droplets at kHz-
frequencies. However, the physicochemical environment of water-in-oil droplets also
has its limitations. Two key differences are the absence of a lipid bilayer as compart-
ment boundary and the presence of the oil phase in the outer solution. Whereas this
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ensures compartment stability, it limits the possibilities for multicellular assemblies,
morphology changes or transfer of material between synthetic cells. Moreover, it
restricts the use of proteins for bottom-up synthetic cell assembly on the inside of
the compartment, neglecting transmembrane or extracellular proteins. This is why
lipid vesicles are a more physiologically relevant and versatile - albeit more difficult
to handle - compartment choice.
Lipid vesicles are compartments enclosed by a lipid bilayer. They form through
self-assembly of amphiphilic lipids via hydrophobic interactions. Each lipid has a
hydrophilic headgroup and a hydrophobic tail consisting of fatty acids. The chemical
properties of vesicles are therefore mainly dependent on the types of lipids present
within the lipid bilayer. The most important factors are the charge of the lipid
headgroup, the length of the fatty acid chain, the number of fatty acid chains per
headgroup and the saturation of the fatty acid. A standard lipid that was used for
this work is for example 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), which
has an uncharged but polar headgroup, two fatty acids that are each 18 carbon
atoms long and an unsaturated C-C double bond at position 9. The head group has
a cross-sectional area of 0.7 nm2 and the fatty acid chains are 2.7 nm long, yielding
an approximate bilayer thickness of 6 nm [46, 47]. Additionally, it has a phase tran-
sition temperature of −16.5 °C, which leads to its fluid like liquid crystalline state
at room temperature [48]. Given that these properties are different for each lipid,
the versatile choice of lipids is crucial for engineering synthetic cells. In accordance
with this, for each vesicle-based engineered system different lipids were chosen i.e.
biotinyl-modified ones (Publication 1), fluorescent ones (Publication 4), negatively
charged ones (Publication 6) or phase-separating lipid mixes (Publication 7). How-
ever, the properties of lipid vesicles are not only governed by the choice of lipids but
also by the physics underlying fluid membranes. In addition to the chemical toolbox
for lipid modifications, we therefore now also want to gain a physical understanding
of lipid vesicles.
For this purpose, I will focus on the physics of lipid membranes from a classical
mechanic rather than thermodynamic point of view and expand the concept to not
chemically inert elastic membranes [49]. Three basic deformations a lipid membrane
can undergo are stretching, bending and compression. To describe the membrane,
we will use the height function h(xi, xj) that defines the shape of the curved mem-
brane. Assuming a harmonic potential between lipid molecules, we can describe the
free energy cost G of stretching the membrane via:

Gstretch = κa/2

∫︂ (︃
∆a

a0

)︃2

da , (2.16)

with κa being the area-stretch modulus and ∆a the change in area compared to a
reference area a0. Similarly, we can attribute a free energy cost to the thickness
change of a membrane:

Gcompression = κc/2

∫︂ (︃
∆w

w0

)︃2

da , (2.17)

with κc being the compression modulus and ∆w the change in area compared to a
reference area w0. As basic parameters for the bending of the membrane, we will use
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the so-called principal curvatures of the membrane, which are defined as eigenvalues
of the Hesse-matrix of the height function:

κij =
∂h(xi, xj)

∂xi∂xj

. (2.18)

We refer to the eigenvalues as principal curvatures κ1 and κ2 of the membrane with
κ1 being the minimal and κ2 the maximal curvature. This allows us to compute the
bending free energy as:

Gbending = κb/2

∫︂
(κ1 + κ2)

2 da . (2.19)

We can see that in general there can also be an attribution of the product of the two
principal curvatures κ1κ2 contributing to the bending. Therefore, instead of talking
about principal curvatures, one typically defines the sum H = 1

2
(κ1 + κ2) as mean

curvature and K = κ1κ2 as Gaussian curvature. At this point I also want to note
that a more rigorous description of the bending energy with differential geometry
including the chemical properties of lipids requires the use of the so-called Helfrich-
Canham Hamiltonian to describe the membrane bending [50]. This Hamiltonian is
given as:

Ĥ =

∫︂
(σ + 2κb(H − c0) + κ̄K) da , (2.20)

with σ being the surface tension, c0 being the spontaneous curvature describing
membrane asymmetry and κ̄ the saddle-splay modulus describing the membrane
topology [51, 52]. However, for the case of a spherical vesicle as typically used in this
study we can neglect the contribution of surface tension, we assume no membrane
asymmetry and integrate of a closed surface, hence σ = 0, c0 = 0 and κ̄ = 0, leaving
[53]:

Ĥ =

∫︂
2κbHda = 2κb

∫︂ (︃
(κ1 + κ2)

2

)︃2

da = κb/2

∫︂
(κ1 + κ2)

2da . (2.21)

In this case, equations 2.20 and 2.19 are therefore identical. Since for a vesicle the
two principal curvatures are identical, κ1 = κ2 = 1/R [52], and we can treat the
membranes as incompressible and instretchable due to their description as a fluid,
integration for a spherical vesicle yields:

Ĥ = 2κb
1

R2

∫︂
da = 2κb

1

R2
4πR2 = 8κb . (2.22)

First of all, this shows that we need energy to form vesicles. Moreover, we can
see the energy cost corresponding to vesicle formation is independent of the radius
and therefore the same for all vesicles sizes. This is a particularly favorable result
since we are mostly interested in the generation of giant unilamellar vesicles with
compartment radii of 1-50µm. To form vesicles in these size ranges, various meth-
ods emerged over the past decades such as electroformation [54], octanol-assisted
liposome assembly [55], hydration [56], continuous droplet interface crossing encap-
sulation [57] or the droplet-stabilized method [25, 58]. In this work, we achieve
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the formation of vesicles via electroformation and the droplet-stabilized technique.
For electroformation, a lipid film is covered with water and energy for the vesicle
generation is supplied via an electromagnetic field and temperature. In the case of
the droplet-stabilized method, small unilamellar vesicles are fused with the droplet
periphery due to electrostatic interactions that provide the necessary energy to over-
come the cost of vesicle formation.
Finally, we want to look at actively deformed vesicles. This can be achieved via
acto-myosin-assisted pulling of lipid nanotubes from GUVs as we will see in Pub-
lication 1. There, a lipid nanotube is pulled from a spherical GUV via external
forces. To quantify this pulling of lipid tethers, we start again with a simplified
Helfrich-Canham Hamiltonian:

Ĥ =

∫︂
(σ + 2κbH)da− FL , (2.23)

for which we assumed a symmetrical membrane, closed surfaces, a cylindrical lipid
nanotube with length L and an applied force F. For a cylinder, the principal curva-
tures are κ1 = 1/R and κ2 = 0, the equation therefore becomes:

Ĥ = (σ +

(︃
1

2R2

)︃
)

∫︂
da− FL = (σ +

(︃
1

2R2

)︃
)2πRL− FL , (2.24)

with the nanotube length L. In an equilibrium, the external force applied and the
membrane energy balance out, which yields:

FL = (σ +

(︃
1

2R2

)︃
)2πRL ⇐⇒ F = 2π

√
2κbσ . (2.25)

Additionally, we can compute the tether radius by minimizing the Hamiltonian with
respect to R:

∂H

∂R
= 0 ⇐⇒ R =

√︃
κb

2σ
. (2.26)

By inserting typical values for the bending modulus of κb = 20 kBT and measured
forces of 10 pN in equilibrium conditions [59], we can calculate the typical surface
tension of a membrane to be on the order of 0.015mN/m and the tether radius to be
roughly 50 nm. We want to recall that the interfacial tension of water-in-oil droplets
is on the order of several mN/m, which directly shows that GUVs can undergo
morphological changes at much lower forces. This will be of special interest for
deforming GUVs using DNA-based systems (Publications 4 and 7). Additionally,
we will see in Publication 1 that the tether radius approximation is in very good
agreement with our experimental findings.
To summarize, in this section I have presented two types of compartment systems
that are relevant for synthetic biology, namely water-in-oil droplets and GUVs. I
have shown that compartments with diameters from 1-100 µm can be generated at a
given energy cost. Moreover, we have seen that each compartment type has its own
chemical environment that can be used for their manipulation (e.g. surfactants for
Marangoni flow or lipids for vesicle deformation). However, our compartments are
still empty. In the next chapter we want to fill the compartments with rationally
engineered dynamic structures to go one step further towards synthetic cells with
life-like functionality.

28 Kevin Jahnke Chapter 2



Rational engineering of cytoskeletons for synthetic cells

2.3 Cytoskeletons for synthetic cells

The aim of this PhD thesis is the rational engineering of cytoskeletons for synthetic
cells. We already have established different ways of generating cell-sized compart-
ments i.e. water-in-oil droplets and GUVs. As a next step, we will look in more detail
at cytoskeletons in order to establish versatile functions inside these compartments.
First of all, we explore how we can benefit from the use of natural cytoskeletons for
this purpose and subsequently investigate means to programmably mimic and go
beyond what nature provides by engineering DNA-based cytoskeletons.
Cytoskeletons are multifunctional dynamic entangled networks of filaments present
within all eukaryotic cells. Among the most important functions of cytoskeletons
are the intracellular transport, cell divison, cell stability, cell migration and endo-
cytosis [6]. Even though cellular cytoskeletons as a whole consist out of hundreds
of proteins to perform these versatile functions, it is in general only made up of
three different kinds of filaments: intermediate filaments, microtubules and actin
filaments. Each filament is a polymer consisting of hundreds and thousands of sub-
units that govern the filament properties and functions. In natural cytoskeletons,
these filament subunits are proteins that can undergo polymerization to form the
filament. The polymerization of individual subunits is restricted to quasi one di-
mension, which is why all filaments are much longer than they are thick. Typically
filaments have a mean length of several micrometers, whereas they are only about
10 nm in diameter [60]. In these size-ranges, DNA nanotechnology developed as a
useful tool to programmably design structures on the nanoscale that can assemble
up to the micrometer-scale via Watson-Crick-Franklin base pairing. Therefore, we
will investigate means to engineer synthetic cytoskeletons that can potentially even
succeed its natural counterparts.

2.3.1 Natural protein-based cytoskeletons

A straight-forward approach to engineer cytoskeletons inside synthetic cells is to re-
constitute natural filaments. This can be done via purification of the desired protein
from cells, their in vitro polymerisation and subsequent encapsulation. Given that
intermediate filaments are not strictly essential for cells to survive and many of their
functions remain unknown [61], we will foucs on microtubules and actin filaments.
Microtubules consist of two protein subunits termed α-tubulin and β-tubulin, which
polymerize into hollow filamentous structures with an outer diameter of 25 nm con-
sisting of 13 protofilaments [62]. On the other hand, actin filaments are only made
up from one protein subunit termed G-actin [63]. Actin filaments are much thinner
and more flexible than microtubules with a diameter of 4-7 nm. A particularly inter-
esting difference is their different behavior during bending. For this, we describe the
filaments as beams with bending energy Eb. Similar to the treatment of membranes,
we can describe the bending energy via the curvature of the beam:

Eb =
EI

2

∫︂ L

0

1

R(s)2
ds ,with I =

∫︂

A

= z2dA , (2.27)
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being the area moment of inertia, E being the Young’s modulus of the material,
κ = 1/R(s) the curvature of the beam, z the perpendicular distance from the neutral
axis and A the cross sectional area of the beam. Note that in this case there is
only one principal curvature since we treat the problem in two dimensions. This is
equivalent to

Eb =
EI

2

∫︂ L

0

⃓⃓
⃓⃓ dt⃗
ds

⃓⃓
⃓⃓
2

ds , (2.28)

with t⃗ being the tangent vector along the filament at point s. In case the curvature
is constant along the filament, we can therefore express the bending energy as:

Eb =
EIL

2R2
, (2.29)

where L is the filament length. Moreover, we can use the tangent vector to define an
important property of filaments, which is the persistence length lp. Experimentally,
the persistence length can be calculated by fitting the tangent correlation function
with an exponential decay:

g(∆s) = ⟨t⃗(s) · t⃗(s+∆s)⟩ = e−∆s/lp . (2.30)

Thus, the persistence length can be determined by knowing only the coordinates of
the filament. Additionally, it is connected to the bending of the polymer via:

lp =
EI

kBT
, (2.31)

with kB being the Boltzmann constant and T the temperature. From this equation,
it becomes already obvious that the different filament architecture of actin filaments
and microtubules also leads to different persistence lenghts. Actin filaments that are
composed of two helical strands of closely packed G-actin and having a diameter of
only 7 nm will have a much lower area moment of inertia compared to microtubules
consisting of 13 protofilaments arranged in a hollow cylinder with a diameter of
25 nm. This has also been shown with experiments where the microtubule persis-
tence length has been found to be on the order of several millimeter (i.e. lp ≫ L)
[64] compared to 18µm for actin filaments (i.e. lp ≃ L) [65].
Apart from the filament stiffness and persistence which is crucial for cellular mor-
phology and shape in equilibrium, another important set of functions of cytoskele-
tons is based on their dynamics and remodeling in order to actively generate forces.
This is especially important for bottom-up synthetic biology because it is a major
challenge to engineer dynamic, motile and rearranging synthetic cells. The most
prominent example of force-generating proteins are myosins. Myosins can bind to
actin and lead to its ATP-dependent translocation by one subunit via a so-called
power stroke. This allows a single myosin to generate forces up to a few nN [66].
In the context of synthetic biology, cytoskeletons have been successfully encapsu-
lated in water-in-oil droplets and GUVs [67]. Actin polymerization within GUVs has
been used to deform GUVs upon a light stimulus [23]. Additionally, by incorporating
other actin binding proteins and motors, actin filaments have been used to deform
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GUVs upon acto-myosin contraction [24, 68]. Microtubules have also been encap-
sulated within GUVs and kinesin-mediated aster formation has been reproducibly
engineered inside water-in-oil droplets [69] and GUVs [70]. However, it remained
elusive how to generate synthetic cell motility, induce symmetry breaking inside syn-
thetic cells or if acto-myosin systems can be used from the outside to establish GUV
and cell morphology. In this work, I will employ the myosin-mediated force gener-
ation to actively pull lipid nanotubes from spherical GUVs and cells (Publication
1) and to induce the contraction of reconstituted actin filaments inside water-in-oil
droplets (Publication 3). Moreover, I will use reconstituted actin filaments to drive
the autonomous motion of water-in-oil droplets (Publication 2) and even investigate
the polymerization of actin filaments inside cell-sized compartments (Publication 6).

2.3.2 Synthetic DNA-based cytoskeletons

As we have seen, the reconstitution of natural cytoskeletons has proven to be very
powerful for engineering synthetic cells. However, there are also many limitations
and drawbacks when working with natural filaments. First and foremost, the pro-
teins need to be purified, which is time-consuming and often highly challenging.
Additionally, their handling is tedious and they are very sensitive to changes in the
chemical environment. This is also why the different proteins are often incompat-
ible with certain encapsulation techniques or require complex buffer compositions
that are incompatible for different proteins. Lastly, the degree to which proteins
can be engineered is comparably low since their chemical modification can inter-
fere with their functionality and require protein design [71] or directed evolution
[72]. However, since cytoskeletons consist of nanometer subunits that polymerize
into micron-sized structures, we can make use of DNA nanotechnology to rationally
engineer subunits made from DNA molecules that can polymerize into cytoskeletal
structures.
DNA nanotechnology has emerged as a powerful tool to programmably design nu-
cleic acids that can form higher order structures via Watson-Crick-Franklin base
pairing [13]. DNA consists of a sugar and phosphate backbone and four nucleobases
adenosine, cytosine, guanine and thymidine [6].

DNA property Value

Radius 1 nm
Basepairs per helical turn 10.5
Rise per basepair 3.4 Å
Rotation per base pair 34.3°
Volume per base pair 0.1 nm3

Weight per base pair 600Da
Energy of a hydrogen bond 2-12 kBT
Charge per nucleotide -e (1.61× 10−19 C)
Persistence length of dsDNA 50 nm

Table 2.1: Basic properties of DNA [73].

DNA strands up to hundred or more nucleobase pairs can be easily synthesized
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via the phosphoramidite method [74]. Furthermore, many versatile functionalization
strategies exist creating a large toolbox of possible DNA strands. Since nucleobases
can bind via hydrogen bonding and additional base-stacking interactions, they can
form a double-stranded DNA helix or a duplex. Their basic properties are listed in
table 2.1. With this knowledge at hand, a tremendous library of DNA structures
has emerged over the past decades. Of particular interest for synthetic biology are
structures that mimic the behavior of natural proteins [14]. These include DNA-
origami based scramblases [27], ion channels [29], assembly platforms [75] or adhesion
sites [31]. However, in the following I want to focus on specific structures that are
especially interesting for the design of cytoskeletons for synthetic cells. For this,
three different DNA shapes are relevant: Y-motifs, DNA tiles and DNA origami.
The table 2.2 below summarizes their use as cytoskeletons for synthetic cells.

DNA structure On GUVs? In GUVs? Refs

Y-motif lattice Yes Yes [28, 76]
DNA origami rod Yes No [77, 78]

DNA origami square Yes No [79, 80]
DNA nanotube No No -

Table 2.2: Cytoskeletal DNA structures for synthetic cells

Figure 2.4: DNA-based cytoskeletons for synthetic cells. a Y-motifs consisting out
of three individual DNA strands can polymerize into entangled networks that can
be used to stabilize giant vesicles. Reprinted with permission from [28]. b DNA
origami structure with cholesterol-anchors consisting of more than hundred staple
strands. DNA origami structures can be polymerized to deform GUVs. Reprinted
with permission from [79]. c DNA tiles consisting of five single-strands that can
polymerize into micrometer long hollow tubular structures. Reprinted with permis-
sion from [81].
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Y-motifs consist of three individual single-stranded DNA strands (ssDNA) with
complementary overhangs that can polymerize into a lattice (Figure 2.4a). So far,
it has been used inside droplets and on the inner and outer GUV membrane to
stabilize giant vesicles [28, 76]. The linkage of DNA structures to the membrane can
either be achieved via electrostatic interactions with polar or charged lipid head-
groups or directly by modifying them covalently with lipids like cholesterol, which
self-assemble into lipid bilayers. In comparison to the GUV stabilization in the case
of the Y-motifs, DNA origami rods and squares have been used to deform GUVs
from their spherical shape (Figure 2.4b). DNA origami are different from Y-motifs
because they consist out of one long (> 7000 nucleobases) scaffold strand that is
brought into the desired shape via smaller DNA staple strands (typically < 50
nucleobases) [11]. DNA origami rods and squares are therefore much bigger than
individual Y-motifs and do have a higher rigidity, especially if the DNA origami con-
sists of multiple layers. This is why they generate a stress on the membrane that is
able to ultimately deform it. It becomes evident that most cytoskeletal DNA-based
structures are only supplied from the outside to GUVs and only have the purpose to
stabilize or deform vesicles. As we have discussed before, the cytoskeleton has many
more functions next to the control over the cell morphology. One way to address
these could potentially be by using closer filament mimics since Y-motifs and DNA
origami are neither filamentous and comparably small or large, respectively. An
approach to overcome this issue is the use of DNA nanotubes as filament mimics.
DNA nanotubes are supramolecular DNA-based structures that contain a so-called
DNA tile as a subunit, which can polymerize into hollow tubular structures (Fig-
ure 2.4c) [60]. Each DNA tile is made out of five single-strands forming a double
crossover structure with four single-stranded overhangs that allow their polymer-
ization into nanotubes [82]. This special design choice already makes them twice
as rigid as a linear DNA duplex [83]. Despite the fact that DNA nanotubes have
not been encapsulated inside GUVs, they have only recently been encapsulated into
water-in-oil droplets [84]. Moreover, there has been much work focusing on the re-
versible [81] or directed assembly [85, 86], branching [87] or capping [88] of DNA
nanotubes, which offers great potential for their use in synthetic cell assembly. How-
ever, their encapsulation into GUVs as well as their potential to form a cortex-like
structure remains unachieved. Additionally, the development of dynamic processes
like cargo transport along DNA nanotubes has not been demonstrated.
In this work, I show the successful encapsulation of DNA nanotubes into water-in-
oil droplets and GUVs, their stimuli-responsive reversible assembly, form cortex-like
structures from within GUVs, engineer the vesicle transport along DNA nanotubes
and induce the bundling of DNA nanotubes with controlled persistence lengths
(Publications 6 and 7).
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Publications

3.1 Publications within the framework of this the-

sis

The present PhD thesis is based on an ‘understanding-by-engineering approach’ (i.e.
‘What I cannot create I do not understand’, Richard Feynman). Here, I seek to en-
gineer a cell, or components of it, from the bottom up. I will focus on natural and
synthetic filaments to build up a functional cytoskeleton for synthetic cells.
Each publication is therefore focused on the mimicry of one or more essential de-
terminants that make up the complexity of the cytoskeletons of natural living cells.
In this way, I will engineer GUV and cell shape (Publication 1), droplet motility
(Publication 2), acto-myosin contractility (Publication 3), signalling cascades (Pub-
lication 4), pH-sensitive dynamics (Publication 5), reversible filament assembly and
intracellular transport (Publication 6), shape control and filament bundling (Publi-
cation 7) and vesicle division (Publication 8). I first put to use natural cytoskeletal
elements in the context of bottom-up synthetic biology (Publications 1-3) and then
move on to de novo assembled filaments with engineerable characteristics made from
DNA nanotechnology (Publications 4-7).

First, we will explore how the reconstitution of actin filaments as one of the main
components of natural cytoskeletons can be used within the framework of bottom-
up synthetic biology. Towards this aim, we develop a mechanism that allows the
pulling of lipid nanotubes from giant unilamellar vesicles and cells. This mechanism
therefore allows to control the GUV and cell shape (Publication 1).
Subsequently, we will perform an essential transfer step from bulk applications
into cell-sized confinement. We therefore encapsulate actin filaments into cell-sized
water-in-oil droplets as a reaction compartment and characterize the droplets’ au-
tonomous rotational motion. This motion is caused by actin-induced Marangoni
flows due to presence of negatively charged surfactants. By tuning the friction at
the droplet interface, we transfer the rotational motion of the droplets into a trans-
lational motion (Publication 2).
Next, we will add reconstituted heavy mero-myosin as motor proteins to our actin-
containing droplets. We show that the light-induced release of adenosine triphos-
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phate (ATP) leads to the contraction of these acto-myosin networks. We next employ
DNA nanotechnology to link actin filaments to the droplet periphery. Upon inducing
the ATP release we now realize the symmetry-breaking contraction of acto-myosin
networks within cell-sized confinement (Publication 3).
However, the use of purified proteins and their in vitro reconstitution is limited.
This is for multiple reasons: i) not all proteins can be purified in their functional
state, ii) their purification and reconstitution is difficult and time-consuming and iii)
each protein requires a specific chemical environment, which limits the possibility to
arbitrarily combine different proteins of choice. Thus, the rest of this work focuses
on the use of DNA nanotechnology as synthetic mimic of cytoskeletal elements with
engineerable characteristics.
In order to engineer DNA cytskeletons, we first have to understand the dynamics of
DNA nanostructures. For this reason, we investigated the pH-sensitive DNA triplex
and found that the pH-sensitive dynamics of the employed triplex motif critically
depends on the choice of fluorophore the DNA strand is modified with. We inves-
tigated this further with experiments and molecular dynamics simulations which
revealed that the triplex is stabilized by the presence of specific fluorophores (e.g.
cyanine dyes). Moreover, we found that single-stranded DNA is compactified in
presence of a fluorophore. This led to an overall understanding of the free energy
landscape of triplex-motif binding to complementary single-stranded DNA (Publi-
cation 4).
Following the investigation of single-stranded DNA binding, we engineer a DNA
origami cytoskeleton mimic that contains a pH-sensitive triplex strand and that can
deform GUVs after attaching to their membrane. To engineer complex signalling
pathway within synthetic cells, we employ top-down engineered genetically modified
E. coli that overexpress the proton pump xenorhodopsin. The genetically-modified
E. coli induce a pH-gradient across their membrane and therefore, change the pH
of the external solution. Upon the light-induced change of the pH via the E. coli,
the DNA origami thus attaches to the GUV membrane and deform them from their
initially spherical shape (Publication 5).
To increase the functional versatility of DNA-based cytoskeletons, we employed
DNA nanotubes i.e. DNA filaments that form hollow cylinder with nanometer di-
ameters and micrometer lengths from individual DNA tile structures. The DNA tile
structures can be modified with additional sequences such that they can undergo
toehold-mediated strand displacement reactions that lead to filament disassembly
and reassembly. We also show that we can achieve the reversible assembly using
ATP and nucleolin DNA aptamers. Lastly, we engineer a mechanism to induce
intracellular transport of small unilamellar vesicles (SUVs) along DNA filaments
(Publication 6).
As the previous work was still mainly in water-in-oil droplets, we now successfully
encapsulate DNA filaments into GUVs as more biomimetic compartments. We mod-
ify the DNA tiles with azobenzene that allows their reversible assembly using light.
Additionally, we show that membrane-bound DNA filaments can deform the GUV
and suppress membrane fluctuations upon deflation. Finally, we develop and char-
acterize a mechanism for the bundling of DNA filaments using molecular crowders.
Due to the filaments longer persistence length in presence of crowders, we observe
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the occurrence of ring-like bundles across the GUV equator (Publication 7).
GUV division could potentially be achieved if these DNA bundles form closed and
contractile rings. While this remains a long-term goal, we next set out to provide
a shortcut of GUV division. With this aim, we set out to develop a mechanism for
the controlled division of phase-separated GUVs via osmosis. By deflating GUVs,
we find that the line tension along the phase boundary of phase-separated GUVs is
sufficient to lead to the formation of dumbbell-shaped GUVs and their neck fission.
As the GUVs are now single-phased we also develop the regrowth of phase-separated
GUVs via fusion of SUVs to single-phased GUVs reinstating phase-separation (Pub-
lication 8).
Thus, this presents different ways of engineering individual functional units that
mimic specific key natural cell features using natural and synthetic filaments and
provides means by which these features can be engineered inside cell-sized compart-
ments which may ultimately be able to divide. This thesis therefore presents the
rational design of multifunctional natural and synthetic cytoskeletons and thereby
paves the way for the bottom-up construction of fully-functional complex synthetic
cells.

3.2 General information on publications

The main body of this PhD thesis is written in the cumulative form i.e. consists of
copies of the publication texts. To the current date, all publications are either pub-
lished (Publications 2, 3, 4, 5, 8) or accepted (Publications 1, 6, 7) at internationally
peer-reviewed and acclaimed journals. I am first (Publications 1, 3, 4, 5, 7) or co-
first (Publications 2, 6, 8) author of all publications and none of the publications
has been reprinted in other PhD theses. The respective Supporting Information for
the publications can be found in Appendix A, a full list of publications is stated in
Appendix B. The following provides an overview with general information on the
publications:

Publication 1:
‘Acto-myosin-assisted pulling of lipid nanotubes from lipid vesicles and cells’
Authors: Jahnke K, Maurer S.J., Weber C, Hernandez-Bücher J.E., Schönit A,
D’Este E, Cavalcanti-Adam E.A., Göpfrich K
Published in Nano Letters 2022
https://doi.org/10.1021/acs.nanolett.1c04254

Reference: [89]

Publication 2:
‘Autonomous Directional Motion of Cell-Sized Droplets’
Authors: Haller B∗, Jahnke K∗, Weiss M, Göpfrich K, Platzman I, Spatz J.P.
Published in Advanced Intelligent Systems 3, 2000190 (2020)
https://doi.org/10.1002/aisy.202000190

Reference: [90]

Publication 3:
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‘Enineering Light-Responsive Contractile Actomyosin Networks with DNA Nan-
otechnology’
Authors: Jahnke K, Weiss M, Weber C, Platzman I, Göpfrich K, Spatz J.P.
Advanced Biosystems 4, 2000102 (2020)
https://doi.org/10.1002/adbi.202000102

Reference: [91]

Publication 4:
‘Choice of fluorophore affects dynamic DNA nanostructures’
Authors: Jahnke K, Grubmüller H, Igaev M, Göpfrich K
Published in Nucleic Acids Research 49, 4186-4195 (2021)
https://doi.org/10.1093/nar/gkab201

Reference: [92]

Publication 5:
‘Proton-gradients from light-harvesting E. coli control DNA assemblies for syn-
thetic cells’
Authors: Jahnke K, Ritzmann N, Fichtler J, Nitschke A, Dreher Y, Abele T,
Hoffhausen G, Platzman I, Schröder R, Spatz J.P., Müller D, Göpfrich K
Published in Nature Communications 12, 3967 (2021)
https://doi.org/10.1038/s41467-021-24103-x

Reference: [80]

Publication 6:
‘DNA-based functional cytoskeletons for synthetic cells’
Authors: Zhan P∗, Jahnke K∗, Liu N, Göpfrich K
accepted in Nature Chemistry

Publication 7:
‘Bottom-up assembly of synthetic cells with a DNA cytoskeletons’
Authors: Jahnke K, Huth V, Mersdorf U, Liu N, Göpfrich K
under review in ACS Nano

Publication 8:
‘Division and regrwoth of phase-separated giant unilamellar vesicles’
Authors: Dreher Y∗, Jahnke K∗, Bobkova E, Spatz J.P., Göpfrich K
Published in Angewandte Chemie International Edition 133, 10756-10764 (2020)
https://doi.org/10.1002/anie.202014174

Reference: [93]

3.3 Author contributions

Publication 1: ‘Acto-myosin-assisted pulling of lipid nanotubes from
lipid vesicles and cells’
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In this work, I performed most experiments. In more detail, I established, per-
formed and characterized random and aligned actin filament motility experiments.
Moreover, I demonstrated the pulling of lipid nanotubes from GUVs and cells using
an acto-myosin-assisted approach. Lastly, I verified the cytoskeletal remodeling of
cells during pulling of lipid nanotubes and supervised Master student Stefan Maurer.
Together with Stefan Maurer and Cornelia Weber, I performed and analyzed GUV
and cell pulling experiments. Cornelia Weber purified heavy mero-myosin and actin.
Jochen Hernandez Bücher prepared the cells. Andreas Schönit analyzed the actin
filament velocity vector fields. Elisa D’Este and me performed stimulated emission
depletion (STED) experiments and I analyzed the acquired STED images. Elisa-
betta Ada Cavalcanti-Adam provided additional input for cell experiments regarding
the actin filament remodeling inside Jurkat cells. Kerstin Göpfrich supervised the
study. Kerstin Göpfrich and I wrote the manuscript with input from all authors.

Publication 2: ‘Autonomous Directional Motion of Cell-Sized Droplets’

Barbara Haller and I contributed equally to this work. Barbara Haller dis-
covered actin-induced Marangoni flow in droplets and conducted all initial exper-
iments as presented in her PhD thesis. Barbara Haller and I characterized the
actin-droplet interface interaction depending on the Krytox concentration. Both
of us conducted droplet rotation experiments and analyzed their rotational motil-
ity in presence and absence of methylcellulose as molecular crowder. I established,
performed and analyzed droplet-rolling experiments on perfluorinated surfaces. I re-
vised the manuscript and prepared the figures with Barbara Haller. Barbara Haller,
Marian Weiss, Kerstin Göpfrich, Ilia Platzman and I discussed and analyzed the
results. Kerstin Göpfrich, Ilia Platzman and Joachim P. Spatz supervised the study.
Barbara Haller, Kerstin Göpfrich, Ilia Platzman, Joachim P. Spatz and I wrote the
manuscript.

Publication 3: ‘Engineering Light-Responsive Contractile Actomyosin
Networks with DNA Nanotechnology’

I performed most experiments and analysis. More specifically, I conducted and
analyzed bead displacement experiments, developed actin filament linking to the
droplet periphery using single-stranded DNA linkers and exploited their potential to
induce symmetry breaking contraction. Lastly, I analyzed three-dimensional center-
of-mass displacement of actin/heavy mero-myosin bead networks inside cell-sized
confinement. Marian Weiss performed initial proof-of-concept experiments regard-
ing heavy mero-myosin bead-induced actin contractility. Cornelia Weber performed
gel electrophoresis, actin, and heavy mero-myosin purification. Marian Weiss, Ker-
stin Göpfrich, Ilia Platzman, Joachim P. Spatz and I designed the experiments. I
prepared the figures and wrote the manuscript with help from all authors.

Publication 4: ‘Choice of fluorophore affects dynamic DNA nanostruc-
tures’

In this study, I performed all experiments. In more detail, these are the flu-
orophore sensitive attachment of DNA nanostructures to the water-in-oil droplet
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periphery, their analysis and fluorophore screening as well as light-induced dynamic
acidification experiments in water-in-oil droplets and their analysis. I discovered
fluorophore specific differences on the triplex-conformation and binding of DNA
nanostructures. Maxim Igaev conducted molecular dynamics simulations. Kerstin
Göpfrich and Helmut Grubmüller supervised the study. All authors discussed the
results. Maxim Igaev, Kerstin Göpfrich and I wrote the manuscript.

Publication 5: ‘Proton-gradients from light-harvesting E. coli control
DNA assemblies for synthetic cells’

I performed most experiments and analysis. This includes the pH-switching ex-
periment inside cell-sized droplets as well as GUVs and their analysis, absorbance
measurements of pH-sensitive dye pyranine, the encapsulation of genetically engi-
neered E. coli into water-in-oil droplets with microfluidics, the pH-sensitive switch-
ing of triplex-DNA with genetically engineered E. coli or propylamine/trifluoretic
acid and GUV deformation experiments with DNA origami. Noah Ritzmann de-
signed and prepared genetically engineered E. coli and performed pH electrode
measurements supervised by Daniel J. Müller. Julius Fichtler and Kerstin Göpfrich
designed the DNA origami. Julius Fichter and I carried out pH-sensitive deformation
experiments. During this work I supervised the bachelor student Anna Nitschke.
Anna Nitschke and I established the use of pyranine as pH-sensor within droplets or
GUVs. Yannik Dreher and I performed and analyzed pH-sensitive DNA attachment
to GUVs. Tobias Abele helped in analyzing the fluorescence intensity ratios. Götz
Hofhaus and Rasmus R. Schröder designed and carried out cryo-EM experiments.
Ilia Platzman and Joachim P. Spatz contributed expertise in encapsulation and mi-
crofluidics. Kerstin Göpfrich and I designed the study. Kerstin Göpfrich and I wrote
the manuscript with help from all authors.

Publication 6: ‘DNA-based functional cytoskeletons for synthetic cells’

Pengfei Zhan and I contributed equally to this work. Pengfei Zhan designed the
DNA-based filaments and performed their validation with transmission electron mi-
croscopy and atomic force microscopy. I performed the encapsulation of DNA-based
and actin filaments into water-in-oil droplets, conducted all fluorescence imaging
experiments, prepared small unilamellar vesicles, analyzed the data and compiled
the figures. Kerstin Göpfrich and I developed the RNase H-mediated movement of
small unilamellar vesicles along DNA-based filaments. Na Liu and Kerstin Göpfrich
conceived and supervised the project. Na Liu, Kerstin Göpfrich and I wrote the
manuscript with contributions from all authors.

Publication 7: ‘Bottom-up assembly of synthetic cells with a DNA cy-
toskeletons’

I performed most experiments. I realized the encapsulation of DNA filaments
into giant unilamellar vesicles. Kerstin Göpfrich and I developed the concept of
light-induced filament disassembly using azobenzene. I designed and adapted the
DNA sequences. I performed DNA filament polymerization experiments and anal-
ysis, developed, verified and characterized the bundling mechanism for DNA fila-
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ments using molecular crowders as well as their encapsulation into giant unilamellar
vesicles. I developed the linking of DNA filaments to the giant unilamellar vesi-
cle interior using cholesterol-modified single-stranded DNA, performed fluorescence
recovery after photobleaching experiments (FRAP) and giant unilamellar deforma-
tion experiments as well as their analysis. During this study I supervised the Master
student Vanessa Huth. Vanessa Huth and I analyzed the filament length and per-
sistence length and characterized the cholesterol-mediated filament linking to the
vesicle membrane. Ulrike Mersdorf performed transmission electron microscopy and
cryo electron microscopy. Kerstin Göpfrich and I designed the study and wrote the
manuscript with input from Na Liu.

Publication 8: ‘Division and regrwoth of phase-separated giant unil-
amellar vesicles’

Yannik Dreher and I contributed equally to this manuscript. Yannik Dreher
performed most experiments and conceptualized the model. I performed the light-
triggered division experiments as well as the DNA-mediated and some Ca2+-mediated
fusion experiments. I developed the concept of light-triggered division of phase-
separated vesicles using caged compounds. Yannik Dreher and I supervised Eliza-
veta Bobkova. Elizaveta Bobkov a studied the phase separation behavior of different
lipid mixtures. Kerstin Göpfrich supervised the research. Yannik Dreher and Ker-
stin Göpfrich wrote the manuscript with contributions from all authors.

3.4 Publication 1: Acto-myosin-assisted pulling

of lipid nanotubes from lipid vesicles and cells

The morphology of natural living cells is crucial for their function. It is known
that the cell shape governs cell growth [94], stem cell fate [95] or control over focal
adhesion assembly [96]. It is evident that shape control is equally important for
the engineering of synthetic cells. In the following work, we present an approach
to manipulate the shape of natural cells and GUVs using an acto-myosin-assisted
approach to pull lipid nanotubes from their membranes. The approach is based
on standard actin motility assays in which actin is translationally moved across a
heavy mero-myosin-coated surface [97]. The myosin heads bind the actin filaments
to the surface and their consecutive ATP-dependent power strokes move the actin
filaments. We make use of this by simultaneously linking the actin filaments to the
GUV membrane using a biotin-streptavidin-biotin linkage. Upon addition of GUVs
to the motility assay, we now observe the shape deformation of GUVs by pulling of
lipid nanotubes via translocated actin filaments. We quantify the actin velocities
and lipid nanotube patterns and ultimately transfer this approach to the morphology
control of natural cells. We find that the degree of lipid nanotube formation crucially
depends on the chosen cell type. This can possibly be explained due to the different
membrane-to-cortex attachment of the chosen cell types. Lastly, we also verify
that the morphology control from the outside changes the interior cytoskeletal actin
arrangement by forcing the cells to form protrusions.
All in all, this first work shows how the use of natural proteins namely actin filaments
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and heavy mero-myosin allows to pull lipid nanotubes form GUVs and cells and
thereby control their morphology.
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Actomyosin-Assisted Pulling of Lipid Nanotubes from Lipid Vesicles
and Cells
Kevin Jahnke, Stefan J. Maurer, Cornelia Weber, Jochen Estebano Hernandez Bücher, Andreas Schoenit,
Elisa D’Este, Elisabetta Ada Cavalcanti-Adam, and Kerstin Göpfrich*
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ABSTRACT: Molecular motors are pivotal for intracellular trans-
port as well as cell motility and have great potential to be put to use
outside cells. Here, we exploit engineered motor proteins in
combination with self-assembly of actin filaments to actively pull
lipid nanotubes from giant unilamellar vesicles (GUVs). In
particular, actin filaments are bound to the outer GUV membrane
and the GUVs are seeded on a heavy meromyosin-coated substrate.
Upon addition of ATP, hollow lipid nanotubes with a length of tens
of micrometer are pulled from single GUVs due to the motor
activity. We employ the same mechanism to pull lipid nanotubes
from different types of cells. We find that the length and number of
nanotubes critically depends on the cell type, whereby suspension
cells form bigger networks than adherent cells. This suggests that
molecular machines can be used to exert forces on living cells to probe membrane-to-cortex attachment.

KEYWORDS: Lipid nanotubes, lipid tether pulling, motility assay, giant unilamellar vesicle, membrane-to-cortex attachment, actin,
heavy mero-myosin

Molecular motors govern various cellular processes from
intracellular transport to contraction and cell division.

While the development of artificial macroscale motors
flourishes, many biophysical goals benefit from the engineering
of motors on the nanoscale.1,2 In particular, man-made
machines like optical tweezers or atomic force microscopes
have long been employed to probe cellular properties like
membrane-to-cortex adhesion,3 yet the use of molecular
machines for this purpose remains largely unexplored. To
date, natural motor proteins have been used to deform giant
vesicles,4−7 assemble contractile systems,8−10 or transport
cargo.11−15 Moreover, noteworthy efforts have been made to
build synthetic nanoscale motors with DNA nanotechnology as
transporters,16,17 rotors18 or sliders.19 However, due to their
comparably low processivity and force generation compared to
natural motors, the amount of suitable applications for
synthetic motors is still limited. On the other hand, recent
progress has been made using a minimal system of vesicles and
natural motor proteins to elucidate the complex interplay of
membrane tubulation of synthetic vesicles20,21 and membrane
dynamics.22 Still, it remains elusive and uncertain how these
minimal systems perform in more complex environments of
natural cells and if they can possibly provide direct evidence of
a cell’s biophysical properties or even guide cell functions.
Here, we develop a minimal system to actively pull lipid

nanotubes from giant unilamellar vesicles (GUVs) and natural

cells. Lipid nanotubes are membrane-enclosed tubes with
nanoscale diameters that can guide the transfer of vesicles and
organelles between cells.23 We analyze the network length per
cell and find that it critically depends on the cell type. This
indicates that our minimal motor-based system could be used
as a straightforward method to probe membrane-to-cortex
attachment as a crucial biophysical indicator for the cell state.3

First, we set out to establish a motor-based force-generating
system that can be used to actively pull lipid nanotubes. This
requires a mechanism for directional force generation. For this
purpose, we engineer two variants of an in vitro actin motility
assay as illustrated in Figure 1a. First, the substrate is
functionalized with a truncated version of myosin consisting
of only the functional headgroup of myosin II. This so-called
heavy meromyosin (HMM) is capable of performing a power
stroke like myosin II but is still easily soluble in water at
physiological conditions. We purify the HMM and actin from
rabbit skeletal muscle and verify the successful purification
with denaturing polyacrylamide gel electrophoresis (SDS-
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PAGE, Supporting Information (SI) Figure S1). The HMM is
immobilized on the substrate where it binds prepolymerized
actin filaments to the substrate and translocates them in the
presence of adenosine triphosphate (ATP) like in a conven-
tional motility assay.24 At low actin concentrations from 0.5 to
20 nM, we observe the attachment and random movement of
individual actin filaments, termed random filaments, with
confocal microscopy (Figure 1b, SI Video S1). In order to
make the movement of actin filaments directional, we induce
the nematic ordering of actin filaments by adding a high
concentration (24 μM) of unlabeled F-actin to the motility
assay. We thereby surpass the critical filament density ρc of 5
filaments/μm2 above which filament ordering takes place.25

This causes the alignment and movement of actin filaments on
parallel tracks (Figure 1b, SI Video S2). With particle image
velocimetry (PIV), we obtain the velocity vector field which
yields a correlation length of 6.7 ± 3.9 μm for random
filaments and 29.1 ± 12.5 μm for aligned filaments (Figure
1c).26 From the confocal images (Figure 1b) and the
corresponding velocity vector field (Figure 1c), we verify the
alignment of actin filaments within equidistant filament
streams with a spacing of 3.6 ± 1.4 μm. We analyze the

orientation, that is, the direction of the velocity vector, of
individual actin filaments over time and find that in the
standard in vitro actin motility assay the filaments move in
random directions (Figure 1d), whereas they move along one
axis with a strong bias to one direction when the actin was
nematically aligned. For the aligned condition, some filaments
move in the 180° opposing direction and swirls and vortices
can occur inducing a global change in the direction of the bias
(SI Figure S2 and Video S3).27 To probe the effect that the
alignment has on the actin filament velocity, we quantified the
average filament velocity for both, random and aligned actin at
room temperature (RT) and 30 °C (Figure 1e), which is closer
to the optimum temperature for HMM activity.28 The velocity
for random filaments at RT is significantly smaller than at 30
°C. Additionally, the alignment significantly enhances the
average velocity of actin filaments from 0.9 ± 0.9 to 2.0 ± 1.0
μm s−1 (p ≤ 0.0001). This might be due to the existence of
defined tracks for aligned actin that allow for a higher motor
processivity compared to when actin filaments are randomly
distributed. Additionally, dysfunctional HMM may be blocked
by unlabeled actin filaments increasing the overall actin
filament velocity.29

Next, we test if we can pull lipid nanotubes from GUVs
using the directional force of gliding actin filaments. In order to
bind actin filaments to the lipid membrane of GUVs as
illustrated in Figure 2a, we prepare filaments with 10%
biotinylated actin monomers and verify the successful
functionalization with SDS-PAGE (SI Figure S1). Additionally,
we form GUVs containing 20 mol % biotinylated lipids. We
observe that actin filaments bind to the GUVs in the presence
of streptavidin forming an actin exoskeleton on the GUV
membrane which links the GUVs to the HMM substrate. A
few minutes after addition of the actin-coated GUVs to the in
vitro motility assay, we observe the formation of lipid
nanotubes on the HMM substrate at the bottom of the
GUVs (Figure 2b). Note that the GUVs remain intact as
proven by the images taken at the equatorial plane (Figure 2b,
top). Some GUV clustering is expected due to the use of
biotinylated lipids in the presence of streptavidin. We verify the
tubular structure of the lipid nanotubes pulled from GUVs
using 3D stimulated emission depletion (3D-STED) micros-
copy (Figure 2c).30 The 3D-STED reveals a typical lipid
nanotube diameter of around 200 nm (Figure 2d, SI Figure
S3). Importantly, the lipid nanotubes are continuously pulled
out of the GUVs due to the motor activity, and we can observe
the lipid nanotube networks grow over time. Within 37.5 s,
more than 30 μm of nanotubes are pulled from a single GUV
(Figure 2e). Remarkably, the lipid nanotube networks undergo
further remodeling after being pulled from the GUV leading to
the emergence of nanotube networks composed of multiple
GUVs (SI Video S4). Next, we quantify the network length per
GUV for random and aligned actin filaments and GUVs
containing 0 or 20 mol % biotinylated lipids (Figure 2f,g). In
absence of biotinylated lipids and for random actin filaments,
the actin filaments do not bind to the GUVs. Hence, no lipid
nanotubes are formed, whereas the network length per GUV
and the number of lipid nanotube branches (SI Figure S4)
significantly increases in the presence of 20 mol % biotinylated
lipids. In accordance with the increased actin filament velocity
and directionality, the network length per GUV increases
further for aligned actin filaments. Interestingly, even though
the trend is the same for random and aligned filaments, we
observe pulling of lipid nanotubes even in the absence of

Figure 1. Engineered directional motility of actin filaments. (a)
Schematic representations of actin filaments in a standard in vitro
motility assay moving with random orientations (termed random
filaments) or aligned orientations due to nematic ordering at high
concentrations (termed aligned filaments). (b) Confocal images of
rhodamine-labeled random and aligned actin filaments (λex = 561 nm)
in an in vitro motility assay. (c) Particle image velocimetry of random
and aligned actin filaments. (d) Rose diagram depicting the
orientation and velocity of random and aligned filaments. In contrast
to random filaments, aligned filaments move along one axis with a
strong bias (>77%) toward one direction. (e) Actin filament velocity
for random and aligned filaments at room temperature and 30 °C.
Values depict mean ± SD of n ≥ 94 tracked filaments.
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biotinylated lipids. We hypothesize that this is due to the high
amount of unlabeled F-actin present in the assay to induce the
alignment which promotes electrostatic interactions of actin
filaments with the GUV membrane (SI Figure S5). This might
even be enhanced by the presence of divalent ions in the final
buffer.31 However, we still observe the longest networks in the
presence of 20 mol % biotinylated lipids and for aligned actin
filaments. We also find that different lipid compositions can be
used to form lipid nanotubes (SI Figure S6). Notably, when we
encapsulated a membrane impermeable dye inside the GUV
compartment, we find that it can permeate from the GUV
lumen into the lipid nanotubes confirming the formation of
defect-free hollow nanotubes (SI Figure S7). In summary, it is
possible to exploit natural motors to engineer distinct vesicle
morphologies which visually resemble neurons.32

As a next step, we translate the nanotube pulling assay from
GUVs to living cells, where the membrane is attached to the
underlying cytoskeletal cortex. We first probe whether our
motor system can pull lipid nanotubes from T-lymphocyte
(Jurkat) cells. We verify that cholesterol self-assembles into the
cell plasma membrane (SI Figure S8). This allows us to
functionalize the Jurkat cells with biotinylated cholesterol. Like
for the GUVs, this enables biotinylated actin filaments to bind
to the cell in the presence of streptavidin. We observe that the
Jurkat cells, despite being nonadherent suspension cells, adhere
to the HMM-functionalized substrate due to the artificial
linkage established via the actin filaments. Notably, they exhibit
many lipid nanotubes at the cell−substrate interface (SI Video
S5). By tracking individual cells over time, we find that the
pulling of lipid nanotubes mediated by motile actin filaments
sets in after about 5 min after the attachment of cells to the
HMM (Figure 3a). Note that the cells remain near-stationary

during the nanotube pulling process (SI Figure S9 and Videos
S6 and S7). Tens of micrometer-long lipid nanotubes are
pulled out of each cell over the course of minutes (SI Videos
S5, S8, and S9). In the absence of biotinylated cholesterol (0
μM), Jurkat cells do not bind to the substrate and maintain
their spherical morphology without the formation of any lipid
nanotubes for random as well as aligned filaments (Figure 3b,
SI Videos S10 and S11). The absence of unspecific interactions
for cells compared to GUVs may be due to their dense
glycocalyx, a more complex lipid composition or increased
membrane-to-cortex adhesion. By quantifying the network
length per cell, we find that whereas the network length for
random filaments with 25 μM biotinylated cholesterol is
similar to the network length previously determined for GUVs
(23 ± 33 μm), the length for aligned filaments exceeds it by an
order of magnitude (131 ± 116 μm, Figure 3c). This can
partially be explained by the smaller size of the GUVs
compared to the Jurkat cells. Since actin-mediated structures
provide support of the cell shape and are linked to the cell
membrane forming the actin cortex, we focused on the
intracellular actin filament organization and dynamics in
proximity of lipid nanotubes. Therefore, we stained the
intracellular actin with SiR-actin (Figure 3d) and performed
live cell imaging. Interestingly, the cellular actin is indeed
remodeled and actin filaments are found to extend into the
lipid nanotubes, although not along their full length (SI Figure
S10). More specifically, we find that no actin filament reaches
further than 6 μm into the lipid nanotubes and that they are on
average only present within less than half of the nanotube
length (SI Figure S11 and Videos S12 and S13). We
hypothesize that this is due to the membrane-to-cortex
attachment of cellular actin to the cell membrane which

Figure 2. Actin filaments actively pull lipid nanotubes from GUVs. (a) Schematic representation of actin filaments bound to biotinylated lipids in a
GUV membrane on an in vitro actin motility assay. Motile actin filaments pull lipid nanotubes over the HMM surface. (b) Confocal images of a
GUV (membrane labeled with DOPE-488, λex = 488 nm) containing biotinylated lipids after pulling of lipid nanotubes in the equatorial (top) and
the bottom plane (bottom). Scale bar: 20 μm. (c) 3D-STED images of lipid nanotubes pulled from GUVs. Scale bars: 500 nm (x-y), 100 nm (x-z).
(d) Intensity line profile (pixel width: 18 nm) across a lipid nanotube imaged with 3D-STED (indicated as white dashed line in panel c). (e)
Confocal time series of a GUV during the lipid nanotube pulling process imaged on the bottom plane at the substrate interface. Scale bar: 20 μm.
(f) Confocal images of GUVs in the presence of randomly oriented or aligned actin filaments with 0% or 20% biotinylated lipids, respectively, 60
min after the start of the motility assay. Scale bar: 50 μm. (g) Network length per GUV for randomly oriented or aligned actin filaments with 0% or
20% biotinylated lipids. Values depict mean ± SD for n = 20 acquired frames per condition.
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causes the actin filaments to be dragged along the membrane
during the pulling process. However, the fact that cellular actin
filaments only occur at the beginning of nanotubes suggests
that the membrane-to-cortex attachment is disrupted at
elevated distances and forces of the outer filaments pulling
on the cell membrane. Beyond actin, we also stained the
mitochondria and the lysosomes of Jurkat cells, as it has been
shown that these organelles can be present within tunneling
nanotubes of living cells.23 However, we do not find any
evidence for their presence in the lipid nanotubes pulled from
Jurkat cells (SI Figure S12).
Having shown that molecular motors can pull lipid

nanotubes from Jurkat cells, we test if we can expand our
assay to a range of different cell types to probe membrane-to-
cortex attachment depending on the cells’ adhesive interaction
with the surface. We choose keratinocytes (HaCaTs) and
fibroblasts (NIH 3T3) as adherent cells and compare them to
semiadherent macrophages (J774A.1) and nonadherent Jurkat
cells. In order to obtain the best nanotube pulling efficiency,
we use aligned actin at 30 °C. As shown in the confocal images
in Figure 4a, we observe the pulling of lipid nanotubes for
Jurkat cells and macrophages, whereas we do not observe
nanotubes for HaCaTs and fibroblasts. We quantify the
network length per cell (Figure 4b) and find that Jurkat cells
form significantly bigger networks than macrophages (136 ±
116 μm vs 60 ± 58 μm). Noteworthy, the cell size is not the
dominant factor that determines the network size per cell as

Jurkat cells are smaller than macrophages, keratinocytes, and
fibroblasts.33 This indicates that the nanotube length is cell
type dependent. We hypothesize that no lipid nanotubes form
for HaCaTs (SI Figure S13) and fibroblasts due to their high
membrane-to-cortex attachment and stiffness compared to
nonadherent cells.3 The pulling force is therefore likely not
sufficient to transiently disrupt the membrane-to-cortex
attachment, so that a nanotube can form and actin remodeling
can take place. To test this hypothesis, we treat fibroblasts with
the actin polymerization inhibitor Latrunculin A (LatA) and
perform our lipid nanotube pulling assay. Strikingly, under
these conditions we observe the formation of lipid nanotubes
(Figure 4c) confirming that the network length per cell is
influenced by the membrane-to-cortex attachment of the
respective cell type. Importantly, the network length per cell
for fibroblasts treated with LatA increased to 312 ± 152 μm
and thus exceeds the one for Jurkat cells (136 ± 116 μm,
Figure 4d). Possibly, this can be explained by the bigger cell
size of fibroblasts or due to the complete absence of any
attachment sites for fibroblasts treated with LatA compared to
untreated Jurkat cells which still possess membrane-cortex
attachment sites.34 To summarize, we have shown that our
minimal motor-based system can successfully be transferred to
natural cells and be used to probe cell type dependent
membrane properties.

Figure 3. Actin filaments actively pull lipid nanotubes from Jurkat
cells. (a) Confocal time series of Jurkat cells (membrane labeled with
WGA-Alexa488, λex = 488 nm) functionalized with biotinylated
cholesterol depicting the pulling of lipid nanotubes over time from the
bottom plane at the substrate interface. Scale bar: 20 μm. (b)
Confocal images of Jurkat cells in the presence of randomly oriented
or aligned actin filaments with 0 or 25 μM biotinylated cholesterol,
respectively. Scale bar: 20 μm. (c) Lipid nanotube network length per
cell for randomly oriented or aligned actin filaments with 0 or 25 μM
biotinylated cholesterol. Values depict mean ± SD of n ≥ 21 observed
cells for each condition. (d) Confocal live cell images of a Jurkat cell
membrane (green, labeled with WGA-Alexa 488, λex = 488 nm),
extracellular (orange, labeled with rhodamine, λex = 561 nm), and
intracellular actin (red, labeled with SiR-actin λex = 640 nm). Actin
filaments are dragged into lipid nanotubes. Scale bar: 10 μm.

Figure 4. Pulling of lipid nanotubes from different cell types to probe
membrane-to-cortex attachment. (a) Confocal images of Jurkat cells,
macrophages, and fibroblasts in the presence of 25 μM biotinylated
cholesterol and aligned actin filaments on an HMM-coated substrate.
Scale bar: 20 μm. (b) Network length per cell for different cell types
(mean ± SD of n ≥ 15 observed cells for each condition). (c)
Confocal images of untreated fibroblasts and fibroblasts treated with
the actin-polymerization inhibitor Latrunculin A. Scale bar: 20 μm.
(d) Corresponding network length per cell. Inhibiting the actin
polymerization allows pulling of lipid nanotubes indicating that this
process depends on the cell-to-cortex adhesion. Values depict mean ±
SD of n ≥ 18 observed cells for each condition.
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The question of how mechanical properties of cell
membranes and their underlying cortex regulate cell function
and behavior is pivotal for a quantitative understanding of
force transduction, cell motility, and cell morphology. Here, we
developed a minimal system consisting of natural motor
proteins that induce membrane deformation and lipid
nanotube extraction from GUVs. In the context of bottom-
up synthetic biology, this allows one to establish and explore
different vesicle morphologies, in particular morphologies that
resemble neurons. Moving toward more immediate biological
questions, we translate our findings from GUVs to cells,
demonstrating how simplified model membrane systems can
allow the development of biological assays. By pulling lipid
nanotubes from different cell types, we find cell type specific
differences in the lipid nanotube length, whereby nonadherent
cells exhibit longer nanotubes compared to adherent cells. This
pinpoints toward their different membrane mechanics and the
level of membrane-to-cortex attachment. Unlike studies using
atomic force microscopy or optical tweezers, we are able to
screen the mechanical properties on a single-cell level at very
high throughput since nanotubes are extracted from multiple
cells simultaneously. Moreover, the use of fluorescence
microscopy as a readout of cell morphology also allows for
the investigation of other cellular processes in real time in
parallel. It will be especially exciting to combine this assay with
novel fluorescent membrane-tension probes to enhance our
understanding of membrane-to-cortex attachment. In general,
it will be exciting to witness a conceptual shift from man-made
macroscale machines to molecular machines as biophysical
tools in the biosciences.
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Rational engineering of cytoskeletons for synthetic cells

3.5 Publication 2: Autonomous directional mo-

tion of actin-containing cell-sized droplets

Having shown how we can use cytoskeletal actin filaments from the outside of com-
partments to modulate their shape, we now want to study how we can engineer
functionality from within cell-sized confinements. For this purpose, we again rely
on natural actin filaments as a driving force for the motility of surfactant-stabilized
water-in-oil droplets. Motility itself is a key characteristics of living cells. It allows
cells to migrate along a substrate or within a solution and is important for wound
healing [98] or cancer metastasis [99]. Whereas the dominating form of actin-based
motility in eukaryotic cells (crawling) is based on the interplay of actin polymer-
ization on the leading edge and acto-myosin-induced retraction on the trailing edge
[10], here we develop a mechanism that is only based on actin filaments and makes
use of surface tension gradients rather than contractility. In order to achieve this,
we make use of Marangoni flows within the surfactant-stabilized layer of water-in-oil
droplets. The Marangoni flows are generally induced by a gradient of the surface
tension and lead to a propulsive motion. In our case the gradient in surface tension
is achieved by micellar exclusion and binding of actin filaments to the negatively
charged surfactant Krytox. The amount of actin and Krytox thus allows us to con-
trol the magnitude of the gradient in surface tension and therefore the velocity of
the droplets’ motion. This motion is inherently rotational due to the absence of
friction forces actin on the water-in-oil droplet. By deliberately inducing friction
forces of the droplet with the coverslide we can transfer the rotation into a rolling
motion of the droplet.
We have therefore exemplified how a simple physical mechanism can be used to
engineer the motility of cell-sized compartments using reconstituted actin filaments.
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Autonomous Directional Motion of Actin-Containing
Cell-Sized Droplets

Barbara Haller, Kevin Jahnke, Marian Weiss, Kerstin Göpfrich,* Ilia Platzman,*
and Joachim Pius Spatz*

1. Introduction

Many processes in living cells, including chemotaxis in unicel-
lular organisms or embryonic development, immune response,
tissue formation, and wound healing, are governed by motility.
Mechanisms of motion, such as flagella propulsion in bacteria
and spermatozoa or cytoskeletal forces in migrating cells,
are widely studied, but the extensive complexity of these

mechanisms has hindered a full under-
standing.[1] In addition to intracellular contrac-
tile and pushing cytoskeletal forces cell
movement is governed by cell–cell[2] and
cell–extracellular matrix interactions.[3]

Moreover, cell membrane flows have an
additional effect on cellular locomotion.[4]

Despite being less discussed in the litera-
ture, membrane flows allow for membrane
surface enlargement in the front of the cell
due to locomotion-mediated protrusions.[4]

The additional membrane surface can be
provided for example by exocytosis of inter-
nal vesicles at the front of the cell body and
the according endocytosis at the cell rear.[5]

These processes generate a lateral flow of
lipids in the membrane from the front to
the rear.[4] Thus, it is conceivable that mem-
brane accession and release together with
the accompanied flows are directly involved
in the propulsion mechanism.[6] Supporting
this hypothesis, a theoretical model showed
that tangential traveling surface waves

could cause a translational movement in spherical microsized
objects.[7] In any case, the exact contribution of these membrane
flows is not well understood and requires further investiga-
tions.[5] Bottom-up synthetic biology offers a possible route
toward a systematic understanding of membrane flows in the
context of cellular locomotion. By generating an autonomous
motion in a synthetic system consisting of minimal biological
building blocks, one could draw conclusions on how propulsion
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Cell motility is potentially the most apparent distinction of living matter, serving
an essential purpose in single cells and multicellular organisms alike. Thus, the
bottom-up reconstitution of autonomous motion of cell-sized compartments
remains an exciting but challenging goal. Herein, actin-driven Marangoni
flows are engineered to generate rotational and translational motility of sur-
factant-stabilized emulsion droplets. The interaction between actin filaments
and the negatively charged block-copolymer Krytox is identified as the driving
force for Marangoni flows at the droplet interface. Tuning the actin–Krytox
interplay, sustained autonomous unidirectional droplet rotation with 1.7 rot h�1

is achieved. Ultimately, this rotational motion is transformed into a translational
rolling motion by introducing interactions between the droplets and the surface
of the observation chamber. Accordingly, translational motility of actin-
containing droplets at velocities of 0.061� 0.014 μm s�1 is reported herein
and an overall displacement of several hundreds of micrometers within 30 min
is observed. These self-propelled systems with biologically active molecules
demonstrate how motility could be implemented for synthetic cells.
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evolved in similarly primitive cells at the onset of life and
elucidate what role it may play in today’s living systems.
Using the toolbox of synthetic biology, several studies have
shown the internal dynamics of the cytoskeleton leading to a
contraction or deformation of the cell rim.[8–11] The autonomous
motion of the entire minimal cell, however, is more difficult
to achieve. For example, autonomous motion was obtained
via reconstitution of fluid flows initiated by kinesin activity
and collective dynamics of microtubule bundles.[12–15] In contrast
to that, autonomous propulsion of inorganic particles has
been achieved by several groups, often exploiting osmotic or
phoretic forces, for example, in enzyme-powered Janus par-
ticles[16,17] or surface tension gradients as the Marangoni
effect.[18,19]

The Marangoni effect is governed by local inhomogeneities of
the interfacial tension (IFT) at interfaces of emulsions such as
water-in-oil droplets. The IFT gradient in turn creates a stress
and thus a tangential liquid flow at the interface.[20] Various fac-
tors could be responsible for a nonuniform IFT in water-in-oil
droplets, for example, heterogeneous surfactant mixtures, local
chemical reactions, and gradients in temperature or surfactant
concentrations.[21]

In this study, by applying bottom-up synthetic biology strate-
gies we provide a systematic investigation of autonomous
Marangoni-driven directed motion of a minimal cell system.
To achieve that, a minimal actin cytoskeleton was reconstituted
within water-in-oil droplets by means of a droplet-based micro-
fluidic technology. Following the formation of actin filaments,
we specifically created the interactions of the actin with the
surfactants on the droplet’s inner interface, thereby creating a
nonuniform IFT leading to fluid flows and rotational motion
of the droplet at a velocity of up to 1.7� 0.5 rot h�1. More-
over, by modifying the interaction of surfactants with a glass
interface we show that translational motion of actin-containing

droplets can be achieved. Notably, unlike the motion of
enzyme-accelerated Janus particles, the motion demonstrated
here is mainly a spontaneous directional motion.[22] Importantly,
this study shows how biologically relevant elements of the
cellular motility system, namely, actin filaments, can generate
autonomous directional motion based on the Marangoni effect.

2. Results and Discussion

Migration of natural cells is mainly induced by the forces applied
on the cell rim due to cytoskeletal dynamics. In the process
of locomotion, actin-mediated protrusions on the cellular
membrane induce lipid membrane flow to compensate for the
growth of the membrane surface area. Inspired to reconstitute
a minimal locomotion system, we set out to establish an
actin-containing synthetic cell model system that will be able
to generate autonomous membrane flow–mediated directed
motion. Due to mechanical and chemical instabilities of the
cell-sized lipid-based vesicles,[23] we decided to use surfactant-
stabilized water-in-oil droplets as a stable compartment system.
Moreover, instead of a cytoskeletal dynamics mediated mem-
brane flow we aimed to apply actin filaments to generate autono-
mous directional surfactant membrane motion based on the
physicochemical Marangoni effect. To generate mass transfer
along the surfactant layer at the oil–water interface, a gradient
of the surface tension must be maintained over time. There-
fore, a continuous interaction between the actin filaments and
the droplet interface is required to preserve the IFT gradient.
Figure 1 shows a schematic representation of the envisioned con-
cept for the Marangoni-driven motion of the actin-containing
synthetic cell. To create charge-mediated interactions between
actin filaments and the droplets’ inner interface, the water-in-oil
droplets are stabilized by a mixture of two types of surfactants
exhibiting distinct interfacial properties: an uncharged triblock

Figure 1. Schematic illustration of the physicochemical processes driving the actin-induced Marangoni flow within water-in-oil droplets. A surfactant-
stabilized water-in-oil droplet containing actin filaments is shown in the center of the figure. The insets illustrate actin–surfactant interactions, including
A) Mg2þ ions-mediated interactions of the negatively charged actin filaments and Krytox at the droplet periphery; B) the local formation of Krytox clusters
and a corresponding change in IFT; C) the rearrangement of the diffusive surfactant layer due to IFT gradients; D) micellar exclusion of actin monomers
due to surfactant desorption from the surfactant layer.
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copolymer perfluoropolyether-poly(ethylene glycol)-perfluoropo-
lyether (PEG-based) fluorosurfactant and a negatively charged per-
fluoropolyether (PFPE) carboxylic acid fluorosurfactant (Krytox).
The distribution of negatively charged surfactants at the droplet
interface attract Mg2þ ions[24] that, in turn, induce electrostatic
interactions with the negatively charged actin filaments. In a nat-
ural cell, the linkage of actin to the cellular membrane is mediated
by numerous components, including transmembrane proteins
such as integrin and a variety of anchor proteins.[2] Therefore,
by using the electrostatic interaction between the encapsulated
actin and Krytox as shown in Figure 1A we bypass the complexity
of actin–membrane interactions in natural cells. The local interac-
tion of actin filaments with the Krytox surfactant leads to Krytox
clusters at the interaction points, creating IFT gradients across
the interface (Figure 1B). As a response to the interfacial stresses,
the diffusive surfactant layer[25] rearranges laterally (Figure 1C).
In addition to lateral mobility, surfactants also absorb to and
desorb from the droplet periphery, leading to micellar exclusion
of actin monomers (Figure 1D). Note that depolymerization
and denaturation of actin filaments at the droplet interface can
be attributed to a local Krytox-mediated acidic environment.
These processes are crucial for the creation of a continuous liquid
flow due to the formation of new actin–Krytox interactions that in
turn maintain a distinct IFT gradient at these interaction points.

2.1. Interaction of Actin with Krytox

To test our concept, we initially set out to establish a connection
between actin and the droplet interface. For that purpose, we first

used droplet-based microfluidics to encapsulate 10 μM actin fil-
aments (containing 1% Alexa568- or Alexa633-labelled actin)
in actin polymerization buffer (see Experimental Section) into
water-in-oil droplets (see Figure S1, Supporting Information,
for the layout of the microfluidic device). The droplets were
stabilized by a mixture of 1.4 wt% uncharged PEG-based fluoro-
surfactant and different concentrations of negatively charged
Krytox (0.04, 0.54, 1.04, and 5.04mM). Note, pure PEG-based
surfactants with no traces of Krytox cannot be achieved due to
the synthesis and purification procedures. Therefore, the com-
mercially available surfactants also contain Krytox traces.[24]

The fluorescence signal of actin filaments within the droplets
was observed by confocal fluorescence microscopy. As visible
in Figure 2A, nearly no actin filaments are colocalized with
the droplet interface in the presence of only 0.04mM Krytox (note
that the 0.04mM Krytox is the minimal achievable concentra-
tion;[24] no Krytox was added here). However, at the higher
Krytox concentrations a clear actin fluorescence ring at the
droplet interface was observed. Moreover, as visible in the
confocal images, the fluorescence signal of actin in the droplet
interior (excluding the periphery) is decreasing with increasing
Krytox concentrations. Eventually, actin loses its fibrous structure
at elevated Krytox concentrations (see Video S1, Supporting
Information). The loss of fibrous structures at high Krytox
concentrations can be attributed to depolymerization and dena-
turation of actin at low pH values.[26] Note that the pH is drop-
ping inside the droplet, because Krytox acts as a proton donor at
the droplet interface.[24] The inert PEG-based fluorosurfactant
inhibits the interaction between encapsulated actin and the
droplet interface while Krytox introduces negative charges at

Figure 2. Interaction between actin and Krytox at the droplet periphery is concentration-dependent. A) Confocal fluorescence images of actin filaments
(labeled with 1% Alexa633, λex¼ 633 nm) encapsulated into water-in-oil droplets at different Krytox concentrations in the oil phase. Scale bar: 10 μm.
B) Fluorescence intensity of actin at the droplet periphery dependent on the Krytox concentration. With increasing Krytox concentration, the fraction of
actin at the droplet periphery increases and reaches a plateau at 3 mM. Error bars correspond to the standard deviation of n¼ 8–19 evaluated droplets.
C) IFT of actin buffer with (red) and without actin monomers (blue) at different Krytox concentrations as determined with pendant drop measurements
(n≥ 70 evaluated droplet shapes). The IFT values are elevated in the presence of actin monomers in the buffer due to the formation of actin–Krytox
clusters for all tested Krytox concentrations. The significance was tested using an unpaired Welch’s t-test.
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the interface which attract Mg2þ ions from the actin polymerization
buffer and, in turn, attract negatively charged actin filaments.
Quantitative analysis of the fluorescence intensity at the droplet
periphery (Iperiphery) revealed clear attraction of actin toward the drop-
let interface at Krytox concentrations above 0.04mM (Figure 2B).

As an independent confirmation of the Krytox-dependent
interaction of actin with the droplet interface, we performed pen-
dant drop measurements (Figure 2C). By the addition of actin
monomers to the buffer, the IFT values increased significantly.
This confirms the interaction of actin with the Krytox molecules.
Note that a higher IFT corresponds to a lower coverage of inter-
facially active molecules. Thus, the actin–Krytox clusters at the
interface form a less dense interface coverage than surfactants
in a protein-free surfactant layer. It is important to mention here
that the high IFT change as observed for 0.04mM Krytox can be
attributed to the fact that actin monomers were used for this
experiment and not polymerized actin fibers, which are less
diffusive. Therefore, in the case of experimental conditions,
where the actin is polymerized, we do not detect as high IFT
as in the case of unpolymerized actin monomers. Note that actin
monomers were chosen for this experiment because any traces of
magnesium ions in the actin polymerization buffer prevented a
stable hanging droplet formation due to electrostatic interactions
between Krytox and magnesium at the droplet interface.[27]

2.2. Turnover of Actin–Krytox Interactions

To maintain the motility, which is generated due to local changes
in the IFT values on the droplet interface, the system has to be
kept out of equilibrium for an extended period of time.
To achieve that, local actin–Krytox interactions have to be
reformed continuously, meaning that new actin and Krytox mol-
ecules have to be constantly recruited to the droplet interface.
This condition can be achieved when there is a constant renewal
of the actin–Krytox interactions as a result of denaturation and
depolymerization and therefore loss of contact and subsequent
micellar exclusion of the actin. To test this assumption, we mon-
itored actin-containing droplets (10 μM actin, 1% fluorescently

labelled in 10mM Tris pH7.4, 20mM MgCl2) stabilized by an
inert fluorosurfactant and different concentrations of Krytox
(0.04, 0.54, and 1.04mM) over time for 100min using confocal
fluorescence microscopy. The same imaging settings were used
for all conditions shown in Figure 3A. In all conditions, the fluo-
rescence intensity inside the droplets dropped over time.
Furthermore, the mean fluorescence intensity ratio at the droplet
periphery over the droplet interior increased with increasing
Krytox concentrations (Figure 3B). Within 100min, the fluores-
cence intensity ratio Iperiphery/Iinner for 1 mM Krytox increased
even by a factor of 2.7. Notably, the choice of the photostable
Alexa633 dye and the presence of actin agglomerates in the
oil phase indicate that photobleaching only has a minor contri-
bution to the intensity loss. Thus, the plot shown in Figure 3A
clearly indicates a correlation of actin loss and the amount of
Krytox used to stabilize the droplets, which can be explained
by the fact that actin is pulled out of the aqueous droplet interior
due to interactions with Krytox. Krytox is assembling at the inter-
face, attracting actin, and desorbing it from the interface by
micellar exclusion. Note that the oil reservoir around the droplets
is much bigger than the aqueous phase within the droplet,
and thus the leakage of actin into the oil phase cannot be
monitored by the increase of fluorescence intensity of the oil
phase. However, agglomerates of fluorescent actin particles
can be detected in the oil phase (see Video S1, Supporting
Information), unambiguously confirming that there is a leakage
of actin from the droplets. This, in turn, allows for the continu-
ous turnover of actin–Krytox interactions at the interface, main-
taining nonequilibrium interfacial stresses which result in
Marangoni flows over a prolonged time period until the actin
inside the droplet is largely depleted.

2.3. Rotational Motility of Droplets

Time-lapse fluorescence imaging experiments were performed
to analyze the conditions required for actin-containing droplet
motility. As shown in Figure 4A and in Video S2, Supporting
Information, we observed a directed rotational motion of the

Figure 3. Turnover of actin-Krytox interactions at the droplet interphase. A) Confocal fluorescence images of microfluidic droplets containing actin
filaments (labeled with 1% Alexa633, λex¼ 633 nm) over time at different Krytox concentrations. Scale bar: 50 μm. B) Fluorescence intensity ratio
Iperiphery/Iinner of actin filaments inside the droplets over time at different Krytox concentrations (n≥ 28 evaluated droplets). The fluorescence intensity
ratio of actin at the droplet periphery over actin in the droplet lumen increases with increasing Krytox concentrations. This indicates a correlation of actin
loss and the amount of Krytox because actin is depleted from the aqueous droplet interior due to interactions with Krytox. Error bars correspond to the
standard deviation.
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droplets at the lowest Krytox concentration (0.04mM). Rotation,
instead of translational movement, is caused because the drop-
lets experience insufficient friction at the upper cover slide of the
observation chamber. Remarkably, around 96% (n¼ 82) of the
examined droplets exhibit a rotational motion over several hours
with rotational velocity of 1.7� 0.5 rot h�1. In particular, the
actin-containing droplets have a constant and a very similar angu-
lar velocity, but the axis of rotation of the droplets is random in x-,
y-, and z-direction. The high rotational velocity we obtain is
remarkable given that the rotational motion is around 28 times
faster than the rotational diffusion coefficient (see Supporting
Note 1, Supporting Information). In comparison, the enhanced
diffusion observed for Janus particles exceeds their diffusion
coefficient only by a factor of around 1.5.[22] Surprisingly,
when the Krytox concentration in the oil phase was higher
than 0.04mM no droplet rotation or only minor movements
(<0.5 rot h�1) were observed (n¼ 57) (Figure 4B and Video S3
and S4, Supporting Information). The absence of motility at high
Krytox-concentrations can be attributed to fast actin filaments
depolymerization and denaturation. Due to depolymerization,
actin monomers create interactions with the droplet interface
in a homogeneous manner with no localized change in IFT.
Therefore, the Marangoni flows are inhibited. To prevent depo-
lymerization of actin filaments at elevated Krytox concentrations,
the filaments must be stabilized. Toward this end, we bundled
the filaments by adding 0.4 wt% methylcellulose (MC) to the
actin polymerization buffer.[28,29] Availability of MC in the actin
polymerization buffer leads to a strong bundling of actin fibers
due to the depletion effect, as can be observed in Figure 4C.[30] As
expected, under these conditions, we observed a rotational motil-
ity of the droplets also in the presence of 0.54mM Krytox (for 90%
of the droplets) and even in the presence of 1.04mM Krytox
(for 72% of the droplets) (Figure 4D).

For a final confirmation that Krytox–actin interactions are the
driving force for the autonomous movement of the droplets,
we completely inhibited the interaction between the droplet
interface and the encapsulated actin. This was achieved by using

an outer fluorinated oil phase in which Krytox could not be
dissolved (see Experimental Section). Not surprisingly, no
rotation of the actin-containing droplets and no decrease in actin
fluorescence intensity could be observed in this case (Video S5,
Supporting Information). Taking the presented evidence
together, we have proven that the model shown in Figure 1
is indeed explaining the observed motion. We can conclude
that Marangoni flows can cause motion in minimal cells,
fueled by autonomous transport of biologically relevant
molecules.

2.4. Translational Motility of Droplets

Ultimately, we set out to engineer translational motility of actin-
containing droplets induced by Marangoni flow. From the pre-
vious experiments, we know that actin-containing droplets
exhibit a rotational motion in an observation chamber assembled
from untreated glass cover slides, as shown in Figure 5A. Due to
the higher density of the fluorinated oil compared to the aqueous
phase, buoyancy forces act on the droplets and bring them in
contact with the upper cover slide. We hypothesize that the fact
that we observe a rotational motion can be attributed to the
absence of friction forces between the droplets and the hydro-
philic glass surface. To test this hypothesis, and to induce trans-
lational motility, we used the fluorinated glass cover slide to
generate friction between a actin-containing droplets and the
cover slide, as shown in Figure 5B. As expected, we observed
a translational rolling motion of actin-containing droplets in
contact with the fluorinated cover slide. The actin-containing
droplets, which experience Marangoni flows, cover a distance
of several hundreds of micrometers, whereas droplets filled only
with ultrapure (Milli-Q) water in the same observation chamber
only show insignificant random movement (see Figure S2,
Supporting Information). Note that we used actin mixed with
0.4% MC to enhance actin filament stability and therefore
increase the observation period. Importantly, we proved that
the rolling motion is solely induced through actin-mediated

Figure 4. Actin-containing droplets exhibit an autonomous rotational motion at low Krytox concentrations or in presence of MC. A,C) Confocal fluores-
cence images of rotating microfluidic droplets containing actin filaments (labeled with 1% Alexa568, λex¼ 561 nm) in absence (A) and presence (C)
of MC. Scale bar: 20 μm. B,D) Relative abundance of droplets displaying more (green) or less (gray) than 0.5 rot h�1 in presence or absence of MC
at different Krytox concentrations (n¼ 30 evaluated droplets). Without MC, 96% of the droplets rotate with an angular velocity of 1.7� 0.5 rot h�1 at
0.04mM Krytox. At higher Krytox concentrations, the rotation is significantly lower due to fast depolymerization of actin filaments. In presence of MC, even
at elevated Krytox concentrations,>0.5 rot h�1 can be observed due to the bundling of actin filaments by MC and therefore lower depolymerization rates.
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Marangoni flow by mixing MQ- and actin-containing droplets
within the same observation chamber. We analyzed
their respective velocities for n¼ 18 droplets and found that
actin-containing droplets move with an average velocity of
0.061� 0.014 μm s�1, whereas MQ-containing droplets are
almost stationary with 0.010� 0.003 μm s�1 (see Figure 5C).
Thus, the velocity of actin-containing droplets exceeds that of
MQ-containing droplets by a factor of six. Moreover, from
the observations it is evident that the movement of MQ droplets
is often caused simply by interactions with passing actin-
containing droplets. Figure 5D,E shows the displacement of
individual droplets over time. Even the fastest moving MQ
droplets cover a maximum distance of 58 μm, whereas the fast-
est actin-containing droplets move more than 400 μm. In addi-
tion, it shows that some actin droplets stick to a rotational
motion in presence of a fluorinated surface, whereas others
alternate between a rolling and a rotational motion. This could
be potentially attributed to imperfections of the fluorination
of the surface. Note that large droplets with diameters of
60 μm or bigger do not exhibit any rotational or rolling motion
because they experience too much friction with the coverslip.
To exclude the effect of droplet size on the motility, we set
the diameter to �40 μm.

To compare rolling and rotation, we calculated the correspond-
ing rotational frequency from the average translational displace-
ment of actin-containing droplets. This yields a frequency
of ω¼ vtrans/2πr¼ 1.75� 0.40 rot h�1 for a droplet radius of
20 μm. This is in excellent agreement with the presented values
for rotating droplets in contact with an untreated cover slide,
which we found to be 1.7� 0.5 rot h�1.

3. Conclusion

In this study, we demonstrated a method to generate directed
autonomous motion of cell-sized actin-containing droplets
mediated by Marangoni flows. Key elements are 1) a locally
restricted Mg2þ-mediated interaction of the negatively charged
actin filaments with the negatively charged fluorosurfactant
(Krytox) at the droplet interface, 2) the resulting local change
in IFT, and 3) the maintenance of this out-of-equilibrium state
by constant assembly and disassembly of Krytox–actin interac-
tions along with the transport of actin across the interface.
These conditions lead to Marangoni flows at the oil–water bound-
aries that result in an autonomous rotational motion of the drop-
lets. As water-in-oil droplets are commonly used compartment
systems in bottom-up synthetic biology, our study also highlights
the physicochemical effects that come into play due to the chem-
ical nature of the surfactants. We show how important it is to be
aware of the presence of Krytox in the surfactant mix and how it
can even be exploited to achieve desirable functions such as
motility. Whereas in other systems enzyme-propelled Janus
particles’ motion is in the magnitude of 1.5 times higher than
their diffusion coefficient, the here presented rotational speed
is significant as it exceeds its rotational diffusion coefficient
by the magnitude of �28 (rotational diffusion coefficient
D¼ 0.059 versus �1.7 rot h�1). Moreover, we engineered trans-
lational motion of actin-containing droplets by fluorinating the
glass interface. This caused a rolling motion of actin-containing
droplets over hundreds of micrometers with an average velocity
of 0.061� 0.014 μm s�1 due to the friction between the droplet
and the fluorinated surface. Transforming this into a rotational

Figure 5. Fluorination of a over slide surface leads to a translational rolling motion of actin-containing droplets due to enhanced friction. A,B) Schematic
illustrations of an actin-containing water-in-oil droplet in contact with (A) a hydrophilic glass surface undergoing rotational motion or (B) a fluorinated
surface undergoing a rolling motion with a frequency ω. C) Translational velocity of actin-containing (0.061� 0.014 μms�1) and MQ-containing droplets
(0.010� 0.003 μm s�1) in an observation chamber with a fluorinated glass surface (n¼ 18). D,E) Displacement from the initial location of individual
MQ-containing (D) and actin-containing (E) droplets over time. Actin-containing droplets alternate in between a rolling and rotational motion, whereas
MQ-containing droplets do not show significant displacement within 35min of acquisition.
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frequency, we obtain 1.75� 0.40 rot h�1 for a droplet radius of
20 μm, which is in very good agreement with the rotational
motion of the droplet and therefore proves that the observed
motion is based on actin-induced Marangoni flow.

The presented directed autonomous motion of the water-in-oil
droplets could serve as an adequate model system because it
mimics membrane flows as described in some primitive living
cells. Furthermore, the fatty acid membranes of protocells were
more permeable than the phospholipid membranes of today’s
cells.[31] Therefore, a mechanism of substrate exchange was cer-
tainly present. These facts allow for the assumption that the
Marangoni flows may have also generated cellular motion in
early evolutionary life. Further, it is feasible that the here
presented system could be transferred into a physiological more
relevant water-in-water system by using an adequate surfactant
mixture that allows for a double-layer structure. Self-propelled
systems with biologically active molecules are not only a mile-
stone toward the bottom-up assembly of synthetic cells, but also
exciting for the development of active drug delivery systems.

4. Experimental Section

Confocal Fluorescence Microscopy: A confocal laser scanning microscope
LSM 880, LSM900 (Carl Zeiss AG), or Leica SP5 (Leica Microsystems
GmbH) was used for confocal imaging. The pinhole aperture was set
to one Airy unit and experiments were performed at room temperature.
The images were acquired using a 20� (Objective Plan-Apochromat
20�/0.8 M27, Carl Zeiss AG) or an 63� oil-immersion objective
(HCX PL APO 63�/1.40–0.60; Leica Microsystems GmbH, Germany).
For confocal fluorescence imaging, the preformed droplets were sealed
in a custom-made observation chamber consisting of two glass cover
slides spaced with a double-sided tape. The cover slides were either
untreated (Figure 1–4, purchased from Carl Roth) or fluorinated
(Figure 5, purchased from Ran Biotechnologies). Images were analyzed
and processed with ImageJ (NIH, brightness and contrast adjusted).
To analyze the relative intensity of the droplet periphery over the droplet
center, IP/Ii (see Figure 3), a custom-written Python script was used. It first
detects the droplet periphery from brightfield images and then defines a
10 pixel wide rim along it to define IP.

Actin Preparation: Actin (purified from acetone powder from New
Zealand white rabbit skeletal muscle, based on the method of Pardee
and Spudich,[32] modified after Kron et al.[33]) was stored in so-called gen-
eral actin buffer (GAB) containing 2mM Tris/HCl, pH 8, 0.2 mM CaCl2,
0.2mM adenosine triphosphate (ATP), 0.005% NaN3, and 0.2 mM dithio-
threitol (DTT), at �80 �C. The actin monomers were either labeled with
methanol-dissolved rhodamine–phalloidin (Biotium), Alexa568, or
Alexa633 (Sigma-Aldrich) by mixing 20 μL actin with 20 μL double-density
actin buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH 7.4, 50mM KCl, 8 mM MgCl2, 20 mM ethylene glycol-
bis(β-aminoethyl ether)-N,N,N 0,N 0-tetraacetic acid (EGTA), 20 mM DTT)
and 4 μL 10� actin polymerization buffer (20 mM Tris-HCl, pH 8,
500mM KCl, 20mM MgCl2, 10 mM NaATP). The actin monomers were
left on ice to polymerize for 30min. Subsequently, 10 μL of rhoda-
mine–phalloidin (10 units) was added to the solution. As an alternative
to the rhodamine labeling, 1% custom-made Alexa568 or Alexa633-labeled
actin monomers was used. In the indicated cases, 0.4% MC was added to
the actin filaments directly before the experiment.

Formation of Surfactant-Stabilized Water-in-Oil Droplets: PDMS-based
(Sylgard 184, Dow Corning) microfluidic devices for the formation of
water-in-oil droplets were produced and assembled according to
previously described protocols.[34] The device layout is shown in
Figure S1, Supporting Information. The aqueous phase for droplet
production is made of Milli-Q water containing 10mM MgCl2, 10 mM

actin, 1�double-density actin buffer (50 mM HEPES, pH 7.4, 50 mM

KCl, 8 mM MgCl2, 20mM EGTA, 20mM DTT). The oil phase contained
1.4 wt% of perflouro-polyether-polyethylene glycol (PFPE-PEG) block-
copolymer fluorosurfactants (PEG-based fluorosurfactant, Ran
Biotechnologies, Inc.) dissolved in HFE-7500 oil (DuPont) and in the indi-
cated cases mixed with Krytox 157 FS(H) (carboxylic acid–terminated PFPE,
DuPont). The fluid pressures were controlled by an Elveflow microfluidic
flow control system or syringe pumps (Harvard Apparatus). The fluids were
injected into the channels with 1mL syringes (Omnifix, B.Braun, Germany)
connected by a cannula (Sterican 0.4mm� 20mm, BL/LB, B.Braun)
as well as PTFE tubing (0.4� 0.9mm, Bola). To observe the production
process, an Axio Vert.A1 (Carl Zeiss AG) inverse microscope was used.
As an alternative to the microfluidic formation of droplets, the aqueous
phase was layered on top of the oil phase within a microtube
(Eppendorf ) and droplet formation was induced by manual shaking as
described by Göpfrich et al.[35] The microfluidic approach was used for
Figure 2C, 3, and 4, whereas droplets in Figure 2A,B and 5 were produced
via the shaking method.

IFT Measurements: A contact angle system OCA (DataPhysics, USA),
equipped with a CCD high-speed camera for pendant drop measurement,
was used to determine the IFT between MQ or the actin-containing solu-
tion and HFE-7500 oil droplets containing PEG-based fluorosurfactants
and Krytox. The Young–Laplace equation was chosen to fit the droplet
shape to determine the IFT values. To investigate the effect of Krytox
on the actin or MQ solution, 0–8mM Krytox was added to the oil solution.
A stable oil droplet was generated manually into the aqueous solution
using a syringe. IFT values were recorded until a stable value was reached.
When IFT values fell below 1mNm�1 and stable droplet creation was not
possible, values were set to 0 mNm�1.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Rational engineering of cytoskeletons for synthetic cells

3.6 Publication 3: Engineering light-responsive

contractile actomyosin networks with DNA

nanotechnology

As mentioned in the previous section, the dominating form of actin-based motility
in eukaryotic cells (crawling) is based on the interplay of actin polymerization on
the leading edge and acto-myosin-induced retraction on the trailing edge [10]. In
the following work, we will aim to engineer a system towards this goal by includ-
ing myosin motor proteins to actively generate forces on the actin filaments. For
this reason, we produced heavy mero-myosin-coated beads, where the active head
domain remains accessible for actin filament binding and power strokes. We verify
this in bulk by using caged adenosine triphosphate (ATP) that can be released upon
UV illumination. We characterize the bead displacement over time after the release
of ATP and establish the formation of an acto-myosin contracting network in bulk.
Next, we transfer the system into surfactant-stabilized water-in-oil droplets, where
we show that we can induce the symmetric contraction of acto-myosin-networks to
the droplet center after ATP release. As prominently shown in the case of motil-
ity, where retraction only occurs on the trailing edge, acto-myosin contractions are
generally direction i.e. asymmetrical within natural cells. To mimic this, we employ
DNA nanotechnology as a highly versatile and programmable tool to engineer link-
ers based on complementary base-pairing between the water-in-oil droplet periphery
and the actin filaments. This strategy is based on a previous work from our group,
in which we found that cholesterol-tagged DNA strands localize at the droplet pe-
riphery. This allows us to selectively induce interactions of actin filaments with the
surfactant layer and therefore a directionality. We show that the previously sym-
metrically contractin acto-myosin networks now contract asymmetrically towards
the droplet periphery upon UV illumination.
This work therefore shows that we can engineer complex systems by using puri-
fied reconstituted natural proteins within synthetic environments like water-in-oil
droplets. However, it still remains an open challenge how to link the contraction to
the motility of primitive synthetic cells.
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1. Introduction

Bottom-up synthetic biology aims to con-
struct synthetic cellular systems from 
molecular constituents—enhancing our 
understanding of life itself while poten-
tially providing new directions for bio-
medical applications.[1,2] Conventionally, 
biomolecules, often proteins, have been 
isolated from cells and reconstituted in 
cell-sized confinement to reconstruct ver-
satile cellular functions and sophisticated 
processes like adhesion,[3–5] energy gen-
eration,[6,7] or motility.[8–10] For efficient 
encapsulation of biocontent, droplet-based 
microfluidics proved to be a very useful 
technique due to its high degree of con-
trollability and high-throughput formation 
of monodisperse compartments.[3,11–14]

In particular, actin networks have 
been reconstituted into water-in-oil 
droplets[15–17] and giant unilamellar vesi-
cles[18–20] to observe the role of specific 
proteins regulating cellular morphology. 

Besides increased stability,[6] actin-containing synthetic cells 
further mimic versatile cellular functions like adhesion[21] and 
the formation of protrusions.[6]

However, actomyosin-containing minimal systems are often 
still lacking stimuli-induced symmetry breaking contractility. 
This is a key feature that governs cytoskeleton-related functions 
in living cells, like cell motility and division.[22,23] Notably, 2D 
bottom-up engineered actomyosin networks have been con-
tracted upon external stimulation,[24] for example, on supported 
lipid bilayers.[25,26] Reconstitution of actomyosin networks fur-
ther helped to elucidate the molecular mechanisms that govern 
actomyosin contraction and aster formation like filament 
sliding,[27,28] buckling,[29] and polarity sorting.[28,30] However, 
in 3D confinement stimuli-responsive contraction and sym-
metry breaking has only been achieved with a cell lysate and 
not relying on purified proteins.[16,17,31] The challenge lies in the 
multitude of required components, which are often difficult to 
purify from living cells or incompatible with one another in 
cell-like compartments.[32] Hence, we believe that the combina-
tion of natural and synthetic parts is the most promising route 
toward more complex functionality. In particular, engineering 
of controlled symmetry breaking benefits from a tuneable 
link between the actin and the compartment periphery. DNA 
nanotechnology has previously been employed in bottom-up 
synthetic biology to create linkers between biocomponents,[33] 

External control and precise manipulation is key for the bottom-up 
 engineering of complex synthetic cells. Minimal actomyosin networks 
have been reconstituted into synthetic cells; however, their light-triggered 
symmetry breaking contraction has not yet been demonstrated. Here, 
light-activated directional contractility of a minimal synthetic actomyosin 
network inside microfluidic cell-sized compartments is engineered. Actin 
filaments, heavy-meromyosin-coated beads, and caged ATP are co- 
encapsulated into water-in-oil droplets. ATP is released upon illumination, 
leading to a myosin-generated force which results in a motion of the beads 
along the filaments and hence a contraction of the network. Symmetry 
breaking is achieved using DNA nanotechnology to establish a link between 
the network and the compartment periphery. It is demonstrated that 
the DNA-linked actin filaments contract to one side of the compartment 
forming actin asters and quantify the dynamics of this process. This work 
exemplifies that an engineering approach to bottom-up synthetic biology, 
combining biological and artificial elements, can circumvent challenges 
related to active multi-component systems and thereby greatly enrich the 
complexity of synthetic cellular systems.
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to regulate transport and self-organization of microtubules[34] as 
well as to establish a link to the compartment periphery.[35]

Here, we merge bottom-up synthetic biology with DNA 
nanotechnology to achieve light-triggered symmetry breaking 
of minimal actomyosin cortices. Toward this end, we employ 
droplet-based microfluidics to engineer a minimal actomyosin 
cortex consisting of purified actin, synthetic DNA linkers, 
heavy meromyosin-coated (HMM-coated) beads as force- 
generators and caged ATP as a light-induced trigger in cell-
sized confinement. The minimal actomyosin cortex is linked 
to the periphery of the water-in-oil droplets via DNA linkers. 
Furthermore, we show that we can selectively and locally 
trigger the contraction of this network by light and thereby 
induce a symmetry breaking contraction with high spatiotem-
poral control. We quantify symmetry breaking by analyzing 
the 3D displacement of the actin filaments over time during 
the aster formation process. All in all, we showcase how an 
engineering approach to synthetic biology, combining natural 
and synthetic components, can provide a shortcut toward 
complex function.

2. Results

2.1. Contraction of Minimal Actomyosin Networks

We first set out to engineer light-activated contractility of a 
minimal actomyosin network in bulk. Figure 1a–d shows illus-
trations (top) and confocal fluorescence images (bottom) of 
how we assemble the contractile system step-by-step: Starting 
with actin filaments (Figure  1a), we add methylcellulose to 
the actin solution to create bundles of actin filaments as vis-
ible in Figure 1b (see also Figure S1 and Video S1, Supporting 
Information). By doing so, we mimick the effect of a cytosol 
that contains large amounts of macromolecules, which intro-
duce depletion forces in a very simplified manner.[15,27,36–38] Due 
to entropic depletion, the mixing of actin and methylcellulose 
leads to the formation of thick and several tens of micrometer 
long filaments.[38–40] Interestingly, the formation of actin bun-
dles in presence of methylcellulose is largely independent of the 
ATP concentration, bundles form also in the absence of ATP 
(see Figure S2, Supporting Information). The ATP-independent 
filament assembly allows us to decouple actin polymerization 
from the spatiotemporally controlled contraction of the actin 
network. In order to induce active contraction, we prepare 
heavy meromyosin-coated polystyrene beads (HMM-beads) 
with a diameter of 2 µm (see Section 4).[41] The use of HMM-
coated beads offers several advantages over the reconstitution 
of myosin filaments or high concentrations of free myosin 
since they are highly and easily tuneable. First of all, the beads 
have a defined size and can be coated with a defined amount of 
HMM. Second, they can be visualized and tracked with simple 
brightfield microscopy or in case of fluorescent beads even with 
fluorescence microscopy. Finally, the bead diameter and hence 
the bead velocity is tuneable.[41] Note that we chose the diam-
eter to maximize the bead velocity. Since one bead contains a 
large number of HMM (≈105), it can bind to several actin fila-
ments and link the filaments to form an actomyosin network. 
In combination with the use of methylcellulose, three effects 

contribute to the generation of large forces on the actin net-
work: 1) Methylcellulose increases the filament length, meaning 
that HMM-coated beads can travel long distances. The larger 
displacement directly corresponds to larger force exertion. 2) 
Methylcellulose further increases the filament thickness, hence 
multiple heavy meromyosin proteins from one bead can bind. 
3) Methylcellulose stiffens the filaments. In its absence, the fila-
ments can wrap around the beads, preventing force generation 
on the network (see Figure S3, Supporting Information). In this 
regard, HMM-beads can mimic bipolar myosin bundles such 
as thick filaments in the sarcomere during muscle contraction. 
Figure 1c shows a representative confocal fluorescence image of 
the attachment of the fluorescently labeled HMM-beads to the 
bundled actin filaments. To achieve spatiotemporal control over 
contractile dynamics, we add biologically inactive NPE-caged 
ATP to the actin solution. Illumination with UV or blue light 
cleaves the NPE and hence releases ATP.[42] After illumination 
of the entire confocal frame with blue light (405 nm) for 5 s, we 
observe a contraction of the actin network toward actin-dense 
regions as visible in Figure  1d. The dynamics can be appreci-
ated from the Video S2, Supporting Information. Importantly, 
in absence of methylcellulose we could not observe actomy-
osin contraction with the HMM coated beads (see Figure S3, 
Supporting Information) showcasing the need of a bundling 
agent to provide sufficient filament crowding and thus HMM-
coated bead-mediated force generation.[28] Furthermore, we 
showed that the same concentration of soluble HMM, which 
is not bound to the bead, does not induce actomyosin contrac-
tion (see Figure S4, Supporting Information). To verify that the 
contraction is caused by the unidirectional movement of the 
beads along the filaments, we tracked their motion and quan-
tified the bead-velocity before (Figure  1e) and after (Figure  1f) 
light-triggered release of ATP (see also Video S3, Supporting 
Information). As shown in Figure  1g, we obtain velocities of 
0.017 ± 0.005 µm s−1 before and 0.106 ± 0.024 µm s−1 after illu-
mination, which is comparable to previous results.[41]

For the sake of completeness, Figure  1h verifies the suc-
cessful formation of the HMM beads using denaturing poly-
acrylamide gel electrophoresis (PAGE). The bands indicate the 
presence of HMM (heavy and light chains[43]) and bovine serum 
albumin[44] on the polystyrene bead surface functionalized via 
polylysine-mediated interactions (see Figure S5, Supporting 
Information). To prove that the contraction is only based on 
HMM activity after ATP release, we performed a control experi-
ment with blebbistatin, which inhibited the contraction of acto-
myosin networks (see Figure S6, Supporting Information).

2.2. Actomyosin Contraction in Microfluidic Droplets

As a next step, we set out to transfer the light-activated contrac-
tile actomyosin networks from bulk into cell-sized confinement 
using droplet-based microfluidics. This yields a high number of 
similar, individual and 3D reaction compartments mimicking 
the cellular confinement and thereby represents a more rel-
evant approach for reconstituting actomyosin-dynamics com-
pared to 2D studies.[24,25] Toward this end, we premixed the 
solution containing all components introduced in Figure 1 and 
encapsulated them into block-copolymer surfactant-stabilized 
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droplets as illustrated in Figure  2a (see Section  4 and Figure 
S8, Supporting Information, for a sketch of the microfluidic 
device). Confocal fluorescence imaging confirmed the suc-
cessful encapsulation of the biocontent (Figure  2b), showing 
that all components are stably confined and evenly distributed 
inside the aqueous droplet lumen. Importantly, prior to illumi-
nation with blue light, no movement of the HMM-coated beads 
or the actin filaments can be observed as shown in Figure 2a,b 
(for a z-projection see Figure S9, Supporting Information). 
In order to activate actomyosin contraction by light-triggered 
ATP release, the confocal field of view is illuminated with blue 
light for 5 s.

Only after illumination, we observe an immediate contrac-
tion of the network inside the confinement of the droplet as 
we previously observed in bulk and hence have a high degree 
of spatiotemporal control over the contraction process com-
pared to other studies.[31] The contraction stalls after about 
6 min, leading to the accumulation of the actin bundles in the 
droplet center (Figure  2c,d; see also Figure S10, Supporting 
Information, for more examples). Interestingly, a doubling 
of the actin concentration leads to a slower contraction and 
lower degree of compactification (see Figure S11, Supporting 
Information) whereby a twofold increase of HMM-beads leads 
to faster but similar response (see Figure S12, Supporting 

Figure 1. Light-triggered contraction of an actomyosin network in bulk. Schematic illustrations (top) and confocal fluorescence images (bottom) of 
a) actin filaments only (red, λex = 488 nm for a, b and λex = 647 nm for c,d), in actin buffer); b) actin filaments after addition of methylcellulose, acting 
as a bundling agent; c) further addition of NPE-caged ATP (unlabeled) and heavy meromyosin-coated beads (green, λex = 488 nm) attached to actin 
filaments; d) 100 s after illumination (λex = 405 nm), leading to release of ATP. The HMM-beads start to move unidirectionally along the filament leading 
to a contraction of the actin network toward actin-dense regions. Brightfield images of HMM-coated beads e) before and f) 500 s after illumination 
(λex = 405 nm) for 5 s. HMM-coated beads start to move unidirectionally along the filaments after ATP-release. g) Velocity of HMM-coated beads before 
and after illumination (n = 20). Error bars correspond to the standard deviation. h) Denaturing polyacrylamide gel electrophoresis (running conditions: 
4–12 % polyacrylamide, 200 V, 35 min) of pure HMM in actin buffer (Lane 2) and HMM-coated beads (Lane 3). Polystyrene beads are functionalized 
with HMM as well as bovine serum albumin (BSA, MW: 67 kDa). Scale bars: a) 20 µm; b–f) 50 µm; insets e,f) 10 µm.
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Information). This is in excellent agreement with previous 
studies, in which a global contraction was observed for a 
myosin motor to actin ratio of RM = 0.01.[30,45,46] This is com-
parable to our experiments with RM  = 0.013, for which we 
observe global contraction and aster formation. Doubling the 
actin content (i.e., reducing the HMM to actin ratio by half ) 
leads to a stalled contraction as also observed with reconsti-
tuted myosin filaments, consistent with a previous study.[30] 
However, the composition of our asters greatly differs from 
the biological system as we deliberately chose an engineering 
approach to achieve light-triggered contractility. Thus, it is 
even more remarkable that we observe a similar qualitative 
and quantitative behavior of the actomyosin contraction. The 
timescale of the contraction agrees well with the bead velocity 
we determined in Figure  1g and previous works on actomy-
osin contraction:[27,29,30–37,46] Within 6 min, we expect a dis-
placement of approximately 36  µm, which is comparable to 
the droplet radius. The filaments condense to a small fraction 
of the droplet’s volume (see Figures S10 and S11, and Video 
S4, Supporting Information). It is thus not surprising, that the 
contraction happens on that timescale. We suspect that most 
likely the actin asters formed in our system are initially non-
polar and are transformed into at least partially polar actin 
asters—predominantly governed by actin sliding, polarity 
sorting, and buckling[27–30] as thoroughly discussed in Text 
S1, Supporting Information. However, the extent to which all 
of these mechanisms contribute remains to be investigated 
in detail in further studies. Similar aster-like actin struc-
tures have been observed in bulk experiments involving dif-
ferent crosslinking proteins.[47] Here, this has been achieved 
in compartments and successfully been triggered externally 
with light.

2.3. DNA-Based Linkers for Minimal Actomyosin Cortices

Having shown that our minimal actomyosin networks can be 
encapsulated into cell-sized confinement and contract upon 
external stimulation, our system is still missing a physical link 
between the actin network and the compartment periphery. In 
natural cells, the actin cytoskeleton is constantly recruited to the 
cellular membranes to produce pushing, pulling and resistance 
forces during adhesion and motility.[48] We previously showed 
that we can use DNA nanotechnology to functionalize sur-
factant-stabilized droplets and to link arbitrary components to 
their periphery.[35] In this research, we demonstrated that cho-
lesterol-tagged DNA can be anchored in the surfactant layer via 
hydrophobic interactions. The cholesterol-tagged DNA serves 
as an attachment handle for a complementary strand of DNA, 
which can carry an arbitrary functional group. Here, we exploit 
this method for the attachment of the actomyosin networks 
to the compartment periphery as illustrated in Figure  3a,b. 
Note that we chose an excess concentration (1 µm) of the DNA 
linkers in order to ensure that binding sites are available for 
the stiff actin bundles. Biotin-modified single-stranded DNA 
attaches to the cholesterol-tagged DNA at the compartment 
periphery (yellow). The elongated DNA linker ensures that 
the biotin-molecule is not hidden in the hydrophilic section of 
the surfactant layer. It additionally allows for localization due 
to the possibility to attach a fluorophore. We successfully func-
tionalize actin monomers with biotin and streptavidin as dem-
onstrated by denaturating PAGE (see Figure S13, Supporting 
Information). Thereby we establish a link to biotinylated actin 
filaments (5 mol% percent biotinylated over unfunctionalized 
actin monomers). With confocal fluorescence microscopy, we 
observe that the actin filaments now span straight across the 

Figure 2. Light-triggered contraction of actomyosin networks in cell-sized confinement. a) Schematic illustration of actin filaments (red), HMM-beads 
(green) and NPE-caged ATP inside water-in-oil droplets before illumination with blue light. b) Confocal fluorescence images of actin filaments (red, 
λex = 647 nm) and HMM-coated beads (green, λex = 488 nm) encapsulated into water-in-oil droplets as well as brightfield and composite images before 
illumination with blue light. The minimal actomyosin network is homogeneously distributed in the droplet. c) Schematic illustration of actin filaments 
and HMM-beads inside water-in-oil droplets after illumination. d) Confocal fluorescence images of actin filaments (red, λex = 647 nm) and HMM-coated 
beads (green, λex = 488 nm) encapsulated into water-in-oil droplets as well as brightfield and composite images 6 min after illumination with blue light. 
After ATP-release the minimal actomyosin network contracts toward the droplet center. Scale bars: 20 µm.
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droplet lumen, with their ends located at the droplet periphery 
as visible in Figure 3c (for the verification of of the binding of 
the cholesterol-tagged DNA to the periphery, see Figure S14, 
Supporting Information; DNA sequences are shown in Table 
S1, Supporting Information). The altered contractile dynamics, 
described in the next section, will serve as an additional confir-
mation of the successful attachment of the actin filaments to 
the compartment periphery.

2.4. Symmetry Breaking Contraction Mediated by DNA Linkers

Finally, we used the DNA linker system to trigger a symmetry 
break inside the compartment. To demonstrate the spatiotem-
poral control of the ATP release, this time we illuminated 
only one half of the field of view with blue light. Only in the 
illuminated area, we observe a contraction of the actomyosin 
network toward one hemisphere of the droplet as shown in 
Figure  4a,b (color-coded z-projection, for images before and 
after contraction see Figure S15, Supporting Information). 
The dynamics of the process can be observed in the Video 
S5, Supporting Information. The diffusive DNA linkers at 
the droplet periphery induce a symmetry break inside the 
compartment (Figure 4b,ii,iv). We hence observe altered con-
tractile dynamics compared to the case without DNA linkers 
(see Figure 2). This again confirms the successful and highly 
stable linkage of actin to the compartment periphery (see 
Figure S16, Supporting Information, for individual z-slices). 
Note that the passive diffusion coefficient of the DNA in the 
surfactant layer is around 0.4  µm2  s−1[35] which is too low to 
allow for the large displacement (for the calculation see Text 
S2, Supporting Information). This means that the rolling 
motion of the HMM-beads on the filaments actively pulls the 
linkers to a pinpoint. Notably, the targeted contraction toward 
one side of the droplet is not favoring any lateral or axial ori-
entation. The actin network within the droplets that were not 
illuminated did not contract at all, highlighting that symmetry 

breaking can be locally activated inside droplets on a scale of a 
few micrometer (Figure 4b,i,iii).

In order to quantitatively compare the contraction of the acto-
myosin networks in the presence and the absence of the DNA 
linkers, we analyzed the efficiency of the symmetry breaking by 
determining the position of actin networks within the droplets. 
For this purpose, we define a spherical 3D region of interest 
and determine the center of mass of actin filaments in 3D over 
time for each spherical ROI. Figure 4c depicts the analysis pro-
cedure and exemplary 3D projections of the actin filament dis-
tribution within a droplet and its corresponding center of mass. 
Figure  4d shows the normalized mean displacement of n  = 10 
(+405 nm/+DNA) and n = 6 (+405 nm/−DNA, −405 nm/+DNA) 
encapsulated actin networks over time. To obtain a quantitative 
measure for the symmetry breaking over time, we evaluated the 
displacement of the center of mass of the actin filaments Rd from 
the center of mass of the droplet, normalized by the droplet radius 
R0. We find no significant change of the actin filaments center 
of mass over time in absence of DNA-linker or if ATP was not 
released via 405 nm illumination. On the contrary, droplets with 
DNA-linkers and released ATP show an increase in normalized 
3D-displacement for 300 s until the contraction stalls and reaches 
a plateau at d = Rd/R0 = 0.62 ± 0.12. Importantly, the timescale of 
the contraction agrees well with the bead velocity we determined 
in Figure 1g: Within 5 min, we expect a displacement of approxi-
mately 30 µm, which is comparable to the droplet radius.

Therefore, we conclude that DNA nanotechnology can estab-
lish a stable link of the actomyosin networks to the compartment 
periphery, while subsequent ATP release causes all observed 
droplets to undergo a symmetry break based on contractility.

3. Discussion

In this work, we engineered light-activated minimal contrac-
tile actomyosin networks for synthetic cells, capable of sym-
metry-breaking contraction. This was achieved by combining 

Figure 3. DNA nanotechnology-mediated link between the actomyosin network and the compartment periphery. a) Schematic illustration of the 
linkage of the actomyosin network to the droplet periphery via DNA linkers. Cholesterol-tagged DNA (yellow) self-assembles at the droplet periphery 
and hybridizes with a complementary DNA strand functionalized with biotin, thereby establishing a strong non-covalent link to the biotin-streptavidin-
modified actin filaments. c) Confocal fluorescence composite images of actin filaments (red, λex = 561 nm) linked to the droplet periphery via DNA 
(yellow, λex = 647 nm) and HMM-coated beads (green, λex = 488 nm). Scale bar: 30 µm.
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natural and synthetic components from the bottom-up. We 
exploited that actin can be bundled into thick and tens of 
micrometer-long filaments by addition of methylcellulose, 
mimicking crowding agents in the cytosol of cells. Further, 
we coated polystyrene beads with heavy meromyosin as 
active component to induce actomyosin dynamics. To initiate 
myosin motor activity with high spatiotemporal control, we 

used NPE-caged ATP to induce a contraction of the actomy-
osin network in bulk within minutes after illumination with 
blue light.

Next, we transferred the bulk approach into cell-sized con-
finement and found that we can induce a contraction of acto-
myosin networks toward the droplet center upon illumination. 
This is the first time the contraction of actomyosin networks 

Figure 4. DNA nanotechnology-mediated symmetry break of minimal actomyosin cortices in cell-sized compartments. a) Confocal fluorescence images 
of actin filaments (color-coded z-projection, λex = 561 nm), biotinylated DNA (yellow, λex = 647 nm) HMM-coated beads (color-coded z-projection, 
λex = 488 nm) and a composite image (actin: red, beads: green, DNA: yellow). The right half of the field of view (indicated by the white dotted line) 
was illuminated with blue light for 5 s (λex = 405 nm). The minimal actomyosin cortices in the illuminated area contract toward the periphery of the 
droplet whereas there is no contraction in the rest of the confocal frame. b) Exemplary confocal fluorescence color-coded z-projection images of actin 
filaments (λex = 561 nm) and HMM-coated beads (λex = 488 nm) for a droplet illuminated with blue light (ii, iv) and a droplet not illuminated with blue 
light (i, iii). Scale bars: a) 100 µm; b) 20 µm. The images were taken 7 min after illumination. c) Illustration of the analysis procedure used to quantify 
symmetry breaking. The center of mass of the actin filaments was evaluated for individual droplets in 3D over time and normalized to the droplet 
radius. d) Normalized 3D-displacement d over time for droplets with DNA linkers and after illumination with 405 nm to release ATP (+DNA/+ATP, red), 
droplets with DNA linker and without released ATP (+DNA/−ATP, black) and droplets without DNA linker but with released ATP (−DNA/+ATP, gray). 
Only droplets with DNA-linker and released ATP show an increase in normalized 3D-displacement for 300 s until the contraction stalls and reaches a 
plateau at Rd/R0 = 0.62 ± 0.12.
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within compartments successfully has been triggered externally 
by light, offering uniquely high spatiotemporal control.

Increasing the complexity, we used DNA nanotechnology 
to link the actomyosin network to the droplet periphery to 
engineer minimal actomyosin cortices. This linkage method 
offers all benefits associated with DNA nanotechnology, such 
as sequence programmability and reversibility. Therefore, it 
is in principle possible to exploit a second trigger, such as pH 
or temperature, to control cortex formation independently of 
contraction. Additionally, the use of DNA as a linker provides 
many possibilities for further advances, including the introduc-
tion of stimuli-responsive motifs, DNA aptamers or strand dis-
placement reactions. It will be exciting to transfer the described 
system into lipid vesicles in the future.

Finally, we observed local symmetry breaking contractility of 
actomyosin cortices toward the periphery of droplets in pres-
ence of the DNA linkers. This yields complex synthetic cells 
that can undergo a dynamic process—namely a spatiotempo-
rally controlled symmetry break—which can be triggered exter-
nally by light. This would not have been possible relying merely 
on purified components without addition of synthetic custom-
made parts. We envision that approaches merging artificial and 
natural tools to further increase the complexity of synthetic 
cells will lead to contractile cortical systems for synthetic cell 
division and motility.

4. Experimental Section
Confocal Fluorescence Microscopy: A confocal laser scanning 

microscope LSM 880 or LSM 800 (Carl Zeiss AG) was used for confocal 
imaging. The pinhole aperture was set to one Airy Unit and experiments 
were performed at room temperature. The images were acquired using 
a 20× (Objective Plan-Apochromat 20×/0.8 M27, Carl Zeiss AG). Images 
were analyzed and processed with ImageJ (NIH, brightness and contrast 
adjusted, color-coded representation of confocal z-stacks). Color-
coded z-projections were generated from z-stacks and depict the axial 
dimension of droplets in different colors.

Actin Preparation: Actin (purified from acetone powder from New 
Zealand white rabbit skeletal muscle, based on the method of Pardee and 
Aspudich,[49] modified after Kron et  al.[50]) was stored in so-called GAB 
buffer containing 2 mm TRIS/HCl, pH  8, 0.2 mm CaCl2, 0.2 mm ATP, 
0.005 % NaN3 and 0.2 mm DTT, at −80 °C. The actin monomers were 
either labeled with Rhodamine-Phalloidin (Biotium, dissolved in MeOH) 
or Alexa647 (Sigma-Aldrich) by mixing 20  µL actin with 20  µL AB DTT 
DD (double-density) buffer (50 mm HEPES, pH 7.4, 50 mm KCl, 8 mm 
MgCl2, 20 mm EGTA, 20 mm DTT) and in some cases 4  µL 10× Actin 
Polymerization Buffer (20 mm Tris-HCl, pH8, 500 mm KCl, 20 mm MgCl2, 
10 mm NaATP). The actin monomers were left on ice to polymerize for 
30 min. Subsequently, 10  µL of Rhodamine-Phalloidin (10 units) were 
added to the solution. As an alternative to the Rhodamine labeling, 
1 % custom-made Alexa647-labeled actin monomers were used. Directly 
before the experiment, 2 mm caged ATP and 0.4 % methylcellulose were 
added to the actin filaments.

Heavy Meromyosin Beads Preparation: 10–20  µL (YG-fluorescent) 
polystyrene microspheres with a diameter of 2  µm (Fluoresbrite) were 
washed three times with 200  µL 25 mm HEPES pH 7.4 and afterward 
centrifuged for 5 min at 4 °C and 12000 rpm. As a next step, the beads 
were diluted in 200 µL poly-l-lysine solution (PLL, 0.1 %) and incubated 
for 30 min at 4 °C on a rolling mixer. Next, the PLL-coated beads were 
centrifuged again and diluted in 100 µL AB buffer. To coat the beads with 
HMM (myosin isolated from New Zealand white rabbit skeletal muscle 
was used to prepare HMM based on the method of Margossian and 
Lowey[51]), 20  µL sonicated PLL-beads were mixed with 20  µL HMM 

(250 µg mL−1) and 100 µL AB DTT buffer. The beads were left to incubate 
on ice for 60 min. Subsequently, 0.5 mg mL−1 BSA was added to prevent 
unspecific binding and the beads were left to incubate again for 10 min 
on ice. As a last step, the HMM-beads were centrifuged and diluted in 
50 µL AB DTT buffer. The final bead concentration is on the order of 106 
particles/µL (see Figure S7, Supporting Information).

Denaturating Polyacrylamide Gel Electrophoresis: Precast NuPAGE Bis-
Tris Gels (Thermo Fisher) were loaded with 1× NuPAGE lithium dodecyl 
sulfate (LDS) sample buffer, 1× NuPAGE reducing agent and either 10.4 µg 
actin conjugated with biotin-streptavidin, 2.7  µg unbound streptavidin 
after ultracentrifugation of the actin conjugated with biotin-streptavidin, 
6 µg pure actin, 6 µg heavy meromyosin or 10 µL of HMM-coated beads. 
Before mixing, the sample was heated for 10 min at 70 °C. The gel was run 
in a Xcell SureLock Mini Cell (Thermo Fisher) for 35 min at 200 V in a 1× 
NuPAGE SDS MES running buffer and afterward stained with InstantBlue 
(Expedeon). The gel was imaged with either an Amersham Imager 600 
(GE Healthcare Life Sciences) or Azure 600 (Azure Biosystems).

Design and Assembly of the DNA Linkers: The design and assembly of 
the DNA linkers was adapted from Jahnke et al.[35] In brief, a set of random 
fixed-length DNA sequences was generated in MATLAB (MathWorks, Inc.) 
using the randseq command. The sequences were analyzed in NUPACK,[52] 
selecting for sequences with minimal secondary structure formation, and 
purchased from Integrated DNA Technologies, Inc. or biomers.net GmbH. 
HPLC purification was performed for DNA oligos carrying modifications 
(Cy3, Cy5, Atto488, cholesterol-TEG, biotin), all other oligos were purified 
by standard desalting. For a complete list of DNA sequences, see Table 
S1, Supporting Information. The DNA oligos were diluted in Milli-Q water 
at a stock concentration of 100 µm, aliquoted and stored at −20 °C until 
use. Before the experiment, cholesterol-tagged DNA oligos were heated 
to 60 °C for 5 min to reduce aggregation. A concentration of 2  µm of 
each oligonucleotide was used in the aqueous solution containing 10 mm 
MgCl2, if not stated otherwise.

Formation of DNA-Functionalized Surfactant-Stabilized Water-in-Oil 
Droplets: As previously described by Jahnke et al.[35] microfluidic PDMS-
based (Sylgard 184, Dow Corning) devices for the formation of water-
in-oil droplets were produced and assembled. The device layout is shown 
in Figure S8, Supporting Information. The aqueous phase is made 
up of Milli-Q water containing 10 mm MgCl2, 10  µm actin, 1× AB DTT 
DD (double-density) buffer (50 mm HEPES, pH 7.4, 50 mm KCl, 8 mm 
MgCl2, 20 mm EGTA, 20 mm DTT) and 2-4 µm DNA unless otherwise 
specified. The oil-phase contains 1.4 wt% of Perflouro-polyether-
polyethylene glycol (PFPE-PEG) block-copolymer fluorosurfactants 
(PEG-based fluorosurfactant, Ran Biotechnologies, Inc.) dissolved 
in HFE-7500 oil (DuPont). The fluid pressures were controlled by an 
Elveflow microfluidic flow control system or syringe pumps (Harvard 
Apparatus). The fluids were injected into the channels with 1 mL 
syringes (Omnifix, B.Braun, Germany) connected by a cannula (Sterican 
0.4 × 20  mm, BL/LB, B.Braun) as well as PTFE-tubing (0.4 × 0.9  mm, 
Bola). To observe the production process, an Axio Vert.A1 (Carl Zeiss 
AG) inverse microscope was used. As an alternative to the microfluidic 
formation of droplets, the aqueous phase was layered on top of the 
oil phase within an microtube (Eppendorf) and droplet formation 
was induced by manual shaking as described by Göpfrich et  al.[14] The 
microfluidic approach was used for Figures 2 and 3, whereas droplets in 
Figure 4 were produced via the shaking method.

Attachment of Actin Filaments to the DNA Linkers: In order to 
link actin filaments to the DNA, 2  µm biotinylated actin monomers 
(Cytoskeleton) were mixed with 38  µm unmodified actin monomers in 
25 mm HEPES at pH 7.4 and incubated on ice for 30 min. Afterward, 
4  µm streptavidin (Sigma Aldrich), 1× actin polymerization buffer and 
0.4% methylcellulose (Sigma-Aldrich) were added with intermediate 
incubation steps of 30 min on ice. Finally, the solution was centrifuged 
at 10  000 × g for 45 min, the supernatant removed and the pellet 
resuspended in the final GAB buffer. To obtain a high yield of biotin-
streptavidin functionalized monomers, the solution was furthermore 
dialyzed overnight against GAB buffer. Before each experiment, the 
concentration of actin monomers was determined by a NanoPhotometer 
(Implen) measurement at 280 nm.
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Release of NPE-Caged ATP: NPE-caged (P3-(1-(2-nitrophenyl)ethyl) 
ester) ATP disodium salt (Thermo Fisher Scientific) was dissolved to a 
100 mm stock concentration in 100 mm Tris (pH8) and stored at −20 
°C until use. For the experiments with caged ATP, a final concentration 
of 2–3 mm was mixed with other components. The release of the NPE 
group was induced by excitation with a diode laser at a wavelength of 
405 nm and (70% laser intensity for 1–5 s).

Analysis of the Symmetry Breaking Process: To quantify the degree of 
symmetry breaking, a spherical 3D region of interest was defined by using 
the z-stacks of brightfield images of individual droplets. Since the droplets 
moved slightly over time, the 3D ROI was determined for each time-step 
and the center of the sphere was determined using the ImageJ plugin 
3DRoiManager. The corresponding fluorescence images from the actin 
channel were filtered with a Gaussian filter and pixel intensities below 25% 
of the maximum intensity were discarded. With these settings, the signal 
could be filtered out from free actin monomers and just the filaments 
could be evaluated. The 3D-center of mass of actin filaments over time 
was determined for each spherical ROI. The process was repeated for 
confocal xyzt-stacks under three different conditions: +405 nm / +DNA 
(n = 10), +405 nm / −DNA (n = 6) and −405 nm / +DNA (n = 6). To 
obtain a quantitative measure for the symmetry breaking over time, the 
displacement of the center of mass of the actin filaments from the center 
of mass of the droplet was evaluated, normalized by the droplet radius.

Statistical Analysis: The presented data depict mean and standard 
deviations. To determine the HMM-bead velocity, beads were manually 
selected and tracked using the ManualTracking plug-in in ImageJ. n = 
20 beads were tracked before and after illumination with 405 nm. For 
the symmetry breaking analysis n = 10 or n = 6 droplets were analyzed 
for three different conditions as also stated in the main text. Prism 
(Graphpad) was used to plot the acquired data.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Rational engineering of cytoskeletons for synthetic cells

3.7 Publication 4: Choice of fluorophore affects

dynamic DNA nanostructures

The sole use of reconstituted proteins for the bottom-up assembly of synthetic cells
quickly reaches its limits when one thinks about combining two, three or even more
proteins within cell-sized confinement. The reason is simple: some proteins are
hard to purify if this is at all possible [100] and they require specific chemical envi-
ronments i.e. buffer composition, reconstitution protocols or handling which often
makes them incompatible with one another [101]. Therefore, we now investigate
means to engineer a synthetic cytoskeleton made from DNA.
We have seen in the previous publications that an essential and advantageous compo-
nent of bottom-up engineered systems is the control over their dynamics. Therefore,
we first need to understand the dynamics of simple DNA nanostructures in order to
build more complex cytoskeleton mimics. A powerful example for a dynamic DNA
nanostructure is triplex DNA, which can reversibly change its conformation between
an open and a closed state depending on the pH. While investigating this mecha-
nism, we made the interesting discovery that the choice of fluorophore on the triplex
DNA and the corresponding cholesterol-tagged linker strand had an impact on the
pH-mediated dynamics that we observed. This is interesting since fluorophore mod-
ifications of DNA nanostructures are often required for imaging purposes but most
of the times deliberately chosen depending on the optical setup or other fluorophores
present in the experimental system. Therefore, we decided to investigate the change
of the triplex DNA’s dynamic behavior based on the choice of fluorophore further.
To do so, we combined a set of experiments and molecular dynamics (MD) simula-
tions.
At first, we quantified the amount of unbound triplex DNA in presence of the linker
strand within water-in-oil droplets depending on the pH and their fluorophore. We
found that there is more unbound triplex DNA in presence of a dye compared to an
unmodified triplex. Moreover, MD simulations showed the trend that fluorophore
presence on single-stranded DNA (ssDNA) causes lower gyration radii and stabi-
lizes more compact conformations of ssDNA. As a third experiment, we performed
dynamic detachment of triplex DNA from the droplet periphery by decreasing the
pH inside the waster-in-oil droplet over time. This revealed that unmodified triplex
DNA detaches faster from the droplet periphery than fluorophore-modified one. All
in all, this suggests that both the single-stranded state as well as the bound complex
of ssDNA and triplex DNA have a lower free energy profile with fluorophore mod-
ifications than without. Ultimately, we screen the effect of 12 different fluorophore
pairs on ssDNA and triplex DNA, which also reveal crucial differences even in be-
tween individual fluorophores themselves.
This work not only shows the tremendous impact of fluorophore modifications on
the conformation of DNA nanostructures but also the importance of cautiously con-
trolling dynamics systems.
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ABSTRACT

The ability to dynamically remodel DNA origami
structures or functional nanodevices is highly de-
sired in the field of DNA nanotechnology. Concomi-
tantly, the use of fluorophores to track and validate
the dynamics of such DNA-based architectures is
commonplace and often unavoidable. It is therefore
crucial to be aware of the side effects of popular flu-
orophores, which are often exchanged without con-
sidering the potential impact on the system. Here,
we show that the choice of fluorophore can strongly
affect the reconfiguration of DNA nanostructures. To
this end, we encapsulate a triple-stranded DNA (ts-
DNA) into water-in-oil compartments and functional-
ize their periphery with a single-stranded DNA handle
(ssDNA). Thus, the tsDNA can bind and unbind from
the periphery by reversible opening of the triplex and
subsequent strand displacement. Using a combina-
tion of experiments, molecular dynamics (MD) simu-
lations, and reaction-diffusion modelling, we demon-
strate for 12 different fluorophore combinations that
it is possible to alter or even inhibit the DNA nanos-
tructure formation––without changing the DNA se-
quence. Besides its immediate importance for the
design of pH-responsive switches and fluorophore
labelling, our work presents a strategy to precisely
tune the energy landscape of dynamic DNA nanode-
vices.

INTRODUCTION

DNA nanotechnology has been highly successful in re-
purposing the iconic DNA double helix to create pro-
grammable molecular architectures. Once focused on static
shapes, dynamic and stimuli-responsive DNA nanoscale de-
vices are gaining a large surge of interest for various applica-

tions (1)––from sensors (2–4), biocomputing algorithms (5),
and drug delivery systems (6,7) to programmable robotic
modules (8,9) and functional components for synthetic
cells (10–12). In a vast majority of such reconfigurable sys-
tems, dynamics are achieved using strand displacement re-
actions (13,14), flexible single-stranded hinges (15), stimuli-
responsive DNA modifications (16,17) or sequence mo-
tifs (4,18). The ability to reversibly actuate artificial struc-
tures at the nanoscale is therefore at the core of dynamic
DNA nanotechnology. Direct measurements of conforma-
tional changes in aqueous solutions are often conducted
with Förster resonance energy transfer (FRET) or fluores-
cence microscopy (19–21). These methods can provide a
readout of the overall conformational state of the struc-
ture, for example, open versus closed, or bound versus
unbound. Hence, the use of fluorescent dyes is common-
place to validate and quantify the functionality of the
DNA-based devices. Fluorophore-tagged DNA nanostruc-
tures have also been used as nanoscopic rulers for fluo-
rescence microscopy (22) and to enable the acquisition of
super-resolution images with DNA-PAINT (23). Factors
like solubility, photostability and excitation/emission spec-
tra usually play the decisive role in choosing a suitable
dye, while potential side effects on the DNA conformation
such as overstabilization of DNA duplexes (24) or specific
fluorophore-DNA interactions (25) are not the main con-
cern.

Here, we show that the choice of the fluorophore itself
can alter the equilibrium conformation and even inhibit a
desired dynamic response. We use a pH-responsive triple-
stranded DNA motif (tsDNA) combined with a strand-
displacement reaction to exemplify that the dynamics can
be strongly influenced by the choice of the fluorophore.
With all-atom molecular dynamics (MD) simulations, we
show that fluorophore-dependent conformational dynam-
ics of the single-stranded DNA (ssDNA) contribute to
this observation. By releasing caged protons inside droplet-
based confinement, we find that also the duplex dissociation
is affected by the fluorophore. Using a reaction-diffusion
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model, we derive the apparent dissociation constant for 12
different experimentally tested fluorophore combinations.
A profound knowledge about the effect that fluorophores
and other chemical modifications have on the dynamics of
a DNA-based system can be leveraged to realize the desired
functionality.

MATERIALS AND METHODS

DNA sequence design

The DNA sequences were adapted from Green et al.
(4). To enable self-assembly at the droplet-periphery, the
ssDNA (termed ‘Regulator’ in Green et al.) was modified
with a cholesterol-tag (sequence: 5′ Cy3/Alexa488/Cy5/-
ACCAGACAATACCACACAATTTT-CholTEG 3′,
HPLC purified). The tsDNA (termed ‘Sensor’ in Green
et al.) contained the triple-stranded DNA motif as well
as a stem loop complementary to the ssDNA. A fluo-
rophore modification was added to its 5′ end (sequence:
5′ Cy5/Cy3/Atto488/Atto647-TTCTCTTCTCGTTTGC
TCTTCTCTTGTGTGGTATTGTCTAAGAGAAGAG
3′, HPLC purified). Both DNA sequences were purchased
from Biomers or Integrated DNA Technologies and dis-
solved in ultrapure water (Milli-Q) to exclude the impact
of DNA storage buffer on the pH.

Formation of DNA-containing water-in-oil droplets

For the formation of water-in-oil droplets, the DNA-
containing aqueous phase was layered on top of the oil
phase in a volumetric ratio of 1:3 within a microtube (Ep-
pendorf). Droplet formation was induced by manual shak-
ing for about 4 s as described earlier (26). For the oil-phase,
1.4 vol% of perflouro-polyether-polyethylene glycol (PFPE-
PEG) block-copolymer fluorosurfactants (008-PEG-based
fluorosurfactant, Ran Biotechnologies, Inc.) dissolved in
HFE-7500 oil (DuPont) was used. The interfacially ac-
tive surfactants stabilize the droplets. The aqueous phase
was composed of 10 mM MgCl2 and 250 mM potassium
phosphate buffer adjusted to pH values from 4.3 to 8.0.
Cholesterol-tagged ssDNA and the tsDNA were added to
the aqueous phase at concentrations of 1.66 and 1.25 �M,
respectively, if not stated otherwise. ssDNA was added in
excess to ensure that there are sufficient binding sites for the
tsDNA. Other contents were encapsulated by adding them
to the aqueous phase as described in text.

Confocal fluorescence microscopy

For confocal microscopy, the DNA-containing droplets
were sealed in a custom-built observation chamber and im-
aged 10 min after encapsulation using a confocal laser scan-
ning microscope LSM 880 or LSM 800 (Carl Zeiss AG).
The pinhole aperture was set to one Airy Unit and exper-
iments were performed at room temperature. The images
were acquired using a 20× objective (Plan-Apochromat
20×/0.8 M27, Carl Zeiss AG). Images were analysed and
processed with ImageJ (NIH, brightness and contrast ad-
justed).

Light-triggered proton release

To dynamically decrease the pH inside individual com-
partments, we co-encapsulated 40 mM NPE-caged sulfate
(Santa Cruz Biotechnology), which undergoes photolysis
upon illumination with light of the wavelength 405 nm and
releases a proton. For the investigation of the detachment
kinetics, 2 �M ssDNA and 1.5 �M tsDNA were mixed with
20 mM potassium phosphate buffer at pH 8 and 5 mM
MgCl2. The use of the buffer ensures the same starting con-
ditions and delays the acidification, which facilitates the
imaging and analysis of the tsDNA fluorescence. After en-
capsulation, a subset of droplets was illuminated with 20%
of the power of a 5 mW 405 nm laser diode while simultane-
ously recording the detachment of the Cy5-labelled tsDNA.
The field of view, the laser intensity and all additional imag-
ing conditions were kept the same.

Image analysis

The tsDNA fluorescence inside the droplet and at the
droplet periphery was analysed with a custom-written Im-
ageJ macro (27). Droplets were identified and assigned a
circular region of interest from which the droplet radius
r0 was calculated. We first selected droplets of similar size
in the range of 40−50 �m. Afterwards, we manually re-
moved droplets which were in contact with each other and
only analysed droplets without direct neighbours to avoid
crosstalk of their fluorescent signals. Analysis of almost
identical droplets reduces the variance in the measured
quantities and allows for statistical robustness. Second, it
unifies the acquired data such that mathematical modelling
is possible. The intensity within the droplet center, Iin, was
defined as the mean intensity within a circle of radius rin =
0.5r0. The intensity at the droplet periphery Iperi was quan-
tified by measuring the maximum intensity along a line or-
thogonal to the droplet circumference. This analysis was re-
peated 20 times every 18◦ along the droplet circumference,
and the mean value taken as Iperi. Following the determi-
nation of the droplet intensities Iin, they were plotted with
Prism 8 (GraphPad) and fitted using a sigmoidal function
of the form: Iin = Imin + (Imin − Imax)/(1 + 10−α(pHturn−pH)),
with � being the decay constant and pHturn the pKa and the
turning point of the fit.

Atomistic simulations of unlabelled ssDNA

To provide a realistic description of ssDNA dynamics both
in the presence and in the absence of fluorescent dyes, we
first performed a series of simulations for the dye-free ss-
DNA using the Parmbsc1 flavour (28) of the standard Am-
ber 99SB force field (29) with CUFIX non-bonded cor-
rections (30) and ion parameter corrections by Joung and
Cheatham (31). We also used TIP3P as the water model in
our simulations (32). The simulations were initiated from
single-stranded helical structures built with Chimera (v.
1.14) (33). The starting structures were solvated in TIP3P
water in a dodecahedron box with an edge length of 9.0 nm,
yielding a system with ∼50 000 atoms. Ion concentrations
were set to 250 mM NaCl and 10 mM MgCl2 to mimic the
experimental conditions.
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Subsequent MD simulations were performed with GRO-
MACS 2019.6 (34). Lennard-Jones and short-range elec-
trostatic interactions were calculated with a 1.0-nm cutoff,
while long-range electrostatics was treated using particle-
mesh Ewald summation (35) with a 0.12-nm grid spacing.
Hydrogen bond lengths were constrained using the LINCS
algorithm (36). Velocity rescaling (37) with a heat bath cou-
pling constant of 1.0 ps was used to control the temperature
for solute and solvent separately. Center-of-mass correction
was applied to solute and solvent separately every 100 steps.
Energy minimization was followed by a short equilibration
for 1 ns in the NVT ensemble (T = 100 K) and with posi-
tion restraints applied to the solute’s heavy atoms and a 1-fs
integration time step. Next, the temperature was increased
to T = 300 K, and the system was equilibrated for 5 ns (2-
fs time step), while keeping the pressure at 1 atm using the
Berendsen barostat (38) with a 1-ps coupling constant. The
position restraints were then slowly released during 20 ns of
equilibration in the NPT ensemble (T = 300 K, p = 1 atm,
2-fs time step) using the Parrinello-Rahman barostat (39).
This initial equilibration step was followed by a total of 17
independent production runs, each being 5 �s long. The
first ∼1 �s of the trajectories were discarded to exclude the
initial relaxation towards the equilibrium state. Unless spec-
ified differently, all trajectory analyses were performed with
Python (v. 2.7 available at https://www.python.org/), VMD
(v. 1.9.2) (40) and Chimera (v. 1.14) (33).

ssDNA simulations with fluorescent dyes covalently attached

Parameters and energy-minimized structures for common
Alexa and Cy fluorescent dye families were derived from the
AMBER-DYES library (41) that is compatible with most
Amber force fields. Alexa488, Cy3 (water-soluble) and Cy5
(water-soluble) dyes were attached to the 5′ end of the ss-
DNA via a neutral lysine linker. To this end, the capping
H5T atom of the 5′ nucleotide was removed, and the C
atom of the linker backbone was bonded with the O5′ atom
of the 5′ nucleotide. Since in the Amber formalism, the 5′
and 3′ nucleotides possess non-integer charges (−0.3e and
−0.7e, respectively; unlike the regular nucleotides that have
a charge of −1.0e), the resulting dye-ssDNA construct had a
slightly non-integer charge. To account for this, the residual
small charge was redistributed over the O5′, C5′, C4’, C3′,
O4’, C1’ and C2’ atoms of the 5′ nucleotide (sugar back-
bone).

To accommodate the larger dye-ssDNA, the size of the
simulation box was increased to 12 nm, yielding a system
with about 120 000 atoms. All subsequent simulations were
done under the same conditions as for the unlabelled ss-
DNA. For the dye-free simulations, multiple 6 �s produc-
tion runs were performed and the first ∼1 �s were discarded
as equilibration time. A summary of the simulated systems
is given in Table 1.

Determination of the apparent dissociation constant

The equilibrium distribution of ssDNA and tsDNA
molecules in a droplet can be described mathematically us-
ing a reaction-diffusion system of equations in which the
binding sites (ssDNA attached to the droplet periphery),

Table 1. Summary of dye-free and dye-labelled ssDNA simulations

Force field System Duration
Parmbsc1 + TIP3P No dye 17 × 5 �s
Parmbsc1 + TIP3P Cy3 6 × 6 �s
Parmbsc1 + TIP3P Cy5 6 × 6 �s
Parmbsc1 + TIP3P Alexa 488 6 × 6 �s

and hence also the binding and dissociation reactions, are
localized in a narrow volumetric layer near the spherical
droplet surface (42,43). Briefly, if Stot and Ttot are the to-
tal concentrations of ssDNA and tsDNA in the droplet, re-
spectively, Teq is the steady-state concentration of tsDNA
in equilibrium, and KD is the dissociation constant defining
the ssDNA/tsDNA binding equilibrium, the ratio between
the peripheral and inner intensity of tsDNA fluorescence
can be expressed as:

Iperi

Iin
= 1 + Stot

Teq + KD
. (1)

Here, both Iin and Iperi are per-area intensities averaged over
πr 2

in and 2�r0ε, respectively, where ε is the apparent thick-
ness of the reaction layer (determined from confocal images
as described in the Supplementary Text S1). The steady-
state concentration Teq,

Teq = 1
2

[
− (3ε/r0Stot + KD − Ttot)

+
√

(3ε/r0Stot + KD − Ttot)2 + 4Ttot KD

]
, (2)

is obtained by simultaneously requiring that the
ssDNA/tsDNA binding has attained equilibrium and
that the number of tsDNA molecules in the droplet is
conserved. The apparent KD values presented in Figure 4
were determined using Equations (1) and (2), and the
corresponding errors were calculated using basic error
propagation rules and measured uncertainties of Iperi,
Iin, r0 and ε. A detailed mathematical description of the
model, estimation of ε, and error analysis are given in the
Supplementary Texts S1 and S2.

Radius of gyration distributions and estimations of confi-
dence intervals

The gyration radii (Rg) of ssDNA were calculated using the
gmx gyrate tool included in the GROMACS package.
The probability distributions p(Rg) shown in Figure 2 were
then computed by binning the corresponding data sets and
normalizing the histograms. Confidence intervals for p(Rg)
were estimated using bootstrap analysis (44). To this end, we
used the obtained distributions to bootstrap 106 new ran-
dom Rg samples (each consisting of 105 data points) such
that the newly generated data is distributed according to
p(Rg) and properly correlated with the autocorrelation time
estimated from the original Rg trajectories.

RESULTS

Fluorophore modification influences pH response

We set out to test the impact of fluorophores on the dynam-
ics of DNA nanostructures. For this purpose, we employed
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a popular triple-stranded DNA motif (tsDNA) (4) as an
example. Its reversible pH-responsive actuation works as
follows: At basic pH, the Hoogsten-interactions which sta-
bilize the triple-stranded configuration are weaker than at
acidic pH. Therefore, an increase in pH leads to unwrapping
of the third strand which previously stabilized the duplex.
This, in turn, lowers the energy barrier for a strand displace-
ment reaction with a single-stranded DNA (ssDNA), which
was designed to be complementary to the hairpin loop of
the tsDNA. Thus, a stable DNA duplex can form between
the tsDNA and the ssDNA (Figure 1A) (4). To monitor this
process, we modified the ssDNA with a cholesterol-tag and
encapsulated it together with the tsDNA into water-in-oil
droplets. Upon encapsulation, the ssDNA self-assembled
at the droplet periphery due to hydrophobic interactions
between the cholesterol-tag and the droplet-stabilizing sur-
factants (11). Thereby, we obtained an attachment handle,
which reversibly recruits the tsDNA to the periphery at ba-
sic pH (Figure 1B). In contrast to Förster Resonance En-
ergy Transfer (FRET), which is commonly employed to
monitor the pH dynamics (21), our system provides free-
dom regarding the choice of fluorophores––which is abso-
lutely necessary for us to study the impact of different fluo-
rophore combinations. We directly visualized tsDNA bind-
ing and investigated the impact of fluorophore modifica-
tions on the pH dynamics. At the same time, this system pro-
vides a strategic blueprint for the pH-sensitive recruitment
of components to the membrane––an interesting function
in itself, in particular concerning the bottom-up construc-
tion of synthetic cells (45).

Confocal imaging revealed that attachment of the tsDNA
to the compartment periphery is shifted to higher pH val-
ues if the ssDNA carries a Cy3 compared to the unlabelled
ssDNA (Figure 1C, D). The images show the equilibrated
state (Supplementary Figure S1) and we confirmed that the
shift is neither due to interactions of the Cy3 with the sur-
factant layer (Supplementary Figure S2) nor an artefact
of the droplet size (Supplementary Figure S3). We quan-
tified this effect by extracting the normalized intensity in-
side the droplets (Iin, periphery excluded) from the confocal
images (Figure 1E). Importantly, we could reproduce the
sigmoidal pH response curve that was reported for FRET-
based detection (46). The turning-point of the pH-sensitive
ssDNA-tsDNA binding curve for unlabelled ssDNA was
around 5.80 ± 0.09, whereas it shifted significantly to 6.05
± 0.04 for the Cy3-modified ssDNA (2.53�). Even at pH 8
not all tsDNA was bound to the droplet periphery for the
Cy3-modified ssDNA. Importantly, we confirmed our re-
sults with polyacrylamide gel electrophoresis (PAGE) as an
independent bulk measurement. Also with PAGE we find
that the binding between ssDNA and tsDNA is enhanced
if the ssDNA does not carry a fluorophore (Supplemen-
tary Figure S4). This confirms that our observations are not
just an artifact of the measurement system itself, for exam-
ple, due to unspecific interactions at the water-oil interface.
Note that the pKa of the DNA itself is far below the pH-
range considered here and Cy3 is uncharged throughout the
pH-range relevant for ssDNA-tsDNA binding with a pKa
of 7.8 (Supplementary Table S1).

While it is well known that the pH turning point can
be shifted by changing the DNA sequence (46), it was not

known that the same can be achieved by changing the
fluorophore modification alone. This striking observation
can be explained by either of the two following hypotheses
as illustrated in Figure 1F: (i) a fluorophore modification
on the ssDNA causes overstabilization of the free ssDNA
state by making its equilibrium ensemble more compact
and, therefore, less accessible for base paring. (ii) The fluo-
rophore modification destabilizes the ssDNA-tsDNA com-
plex, thereby raising the bound state in free energy (relative
to the unbound one). First, we tested Hypothesis 1 with all-
atom molecular dynamics (MD) simulations. Subsequently
we examined Hypothesis 2 with experiments.

MD simulations reveal reduction of ssDNA accessibility by
fluorophore modification

To test Hypothesis 1, we used all-atom MD simulations to
probe the secondary structure of the Cy3-labelled ssDNA
(Figure 2A) and compared it to the unlabelled ssDNA.
First of all, the unlabelled ssDNA yielded a very broad
probability density distributions for the radius of gyration
(Figure 2B), which is a direct measure of the DNA’s com-
pactness. The distributions for the unlabelled ssDNA show
a significant fraction of extended structures, in which the
DNA bases are accessible for complementary base pairing
(see also representative snapshots in Figure 2C and Video
S1). On the contrary, the Cy3-labelled ssDNA (Figure 2A)
yielded a distinctively different probability density distribu-
tion for the radius of gyration (Figure 2D), which reflects
a much lower propensity for extended conformations. The
bases of the Cy3-labelled ssDNA were found to be wrapped
around the fluorophore, most likely due to pi-pi stacking
interactions between the ssDNA bases and the aromatic
groups of Cy3 (Video S2). This entangled conformation
renders the ssDNA less accessible for complementary base
pairing. An overstabilization of the unbound ssDNA means
a lower free energy of the ssDNA compared to the ssDNA–
tsDNA complex. This would explain our experimental ob-
servations in line with Hypothesis 1. Note that Cy5-labelled
ssDNA favored similarly compact conformations wrapped
around the dye, which further indicates that the aromatic
groups of Cy dyes tend to interact with ssDNA base pairs
(Supplementary Figure S5, Video S3).

To test if weaker dye–ssDNA interactions would restore
expanded conformations of the ssDNA in our simulations,
we used an Alexa488 dye. We selected an Alexa dye (Fig-
ure 2F), because its chemical structure is considerably dif-
ferent compared to Cy3, which may render it less prone
to base stacking interactions. Moreover, in contrast to the
hydrophobic and highly planar Cy dyes, Alexa dyes are
more hydrophilic due to their negative charge (Supplemen-
tary Table S1) (47) and smaller in size. We thus believe that
a combination of electrostatic, steric and hydrophobicity-
related effects could render Alexa dyes less prone to unspe-
cific interactions with ssDNA, hence reducing the influence
on the conformational ensemble of the ssDNA. We found
that the mean radius of gyration for an Alexa488-modified
ssDNA laid between that of the unmodified and the Cy3-
modified ssDNA (Figure 2G). The MD snapshots show
that the fully extended conformation, where the bases are
accessible, was partially recovered (Figure 2H, Video S4),
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Figure 1. Fluorophore modification influences pH response. (A) Sketch of the pH responsive DNA motif. A Cy5-labelled triple-stranded DNA (tsDNA)
opens up at basic pH, lowering the energy barrier for strand displacement and hence for complementary base pairing with a cholesterol-tagged single-
stranded DNA (ssDNA). (B) This process can be monitored in water-in-oil droplets. The cholesterol-tagged ssDNA self-assembles at the droplet periphery,
whereas cholesterol-free tsDNA remains homogeneously distributed within the droplet at acidic pH and attaches to the droplet periphery at higher pH
values. (C, D) Representative confocal images of water-in-oil droplets containing Cy5-labelled tsDNA (red, �ex = 647 nm) and unlabelled ssDNA (C) or
Cy3-labelled ssDNA (D) at different pH values. Attachment of the tsDNA is shifted to higher pH values if the ssDNA is labelled with Cy3. Scale bars:
20 �m. (E) Normalized steady-state fluorescence intensity of the Cy5-labelled tsDNA inside the droplet (periphery excluded) at different pH values for
unlabeled (gray) and Cy3-labelled ssDNA (yellow). Error bars correspond to the standard deviation of the intensities of n = 20 droplets per condition.
Solid lines represent sigmoidal fits revealing a turning point at pH 5.80 ± 0.09 and 6.05 ± 0.04, respectively. (F) Free energy profile illustrating potential
hypotheses for the altered behaviour of the Cy3-tagged ssDNA compared to the unlabelled ssDNA.

improving the accessibility of the strand for complementary
base pairing.

Taken together, our simulations suggest that a single flu-
orophore modification on ssDNA can significantly change
the DNA’s conformation. The more compact conformation
of dye-labelled ssDNA effectively increases the free energy
cost for expansion required for duplex formation with ts-
DNA. Thus, our simulations support Hypothesis 1. Impor-
tantly, the ssDNA sequence is random such that the obser-
vations can likely be generalized for a broad spectrum of
DNA sequences.

Dissociation kinetics show fluorophore dependence

As a next step, we investigated the duplex dissociation pro-
cess to see if the fluorophore modification affects the dis-
sociation constant after duplex formation (Hypothesis 2).
Since all-atom MD simulations cannot describe this re-

action due to the limited timescales, we studied the de-
tachment of the tsDNA from the compartment periph-
ery experimentally. We implemented an approach where
we achieved light-triggered release of protons in individ-
ual compartments––providing full spatio-temporal control
over the acidification process. For this purpose, we used
NPE-caged-sulfate, which breaks up into a sulfate and a
proton upon photolysis (48). To prove that NPE-caged sul-
fate can be used to decrease the pH inside the droplets, we
first encapsulated it together with the pH-sensitive dye pyra-
nine at pH 8 and locally illuminated individual droplets with
a 405 nm laser (Figure 3A). The pyranine emission upon
488 nm excitation decreased, confirming the successful pH
decrease inside the droplets from initially pH 8 to under pH
5. The buffer kept the pH constant until its capacity is ex-
ceeded after ∼20 s. Then, the pH decreased until most of
the NPE-caged sulfate underwent photolysis and hence the
pH approached a constant value after ∼50 s. We used this

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/7/4186/6204652 by M

ax-Planck-Institute f. m
edizinische Forschung user on 21 D

ecem
ber 2021



Nucleic Acids Research, 2021, Vol. 49, No. 7 4191

Figure 2. MD simulations suggest that fluorophore labelling can stabilize more compact ssDNA conformations. (A, F) Starting conformation of Cy3- (A,
yellow) and Alexa488-labelled (F, turquoise) ssDNA (gray). The chemical structure of the fluorophore and its net charge are shown as an inset. (B, D,
G) Probability density (p.d.) distributions of the gyration radius of ssDNA without dye (B), labelled with Cy3 (D), and labelled with Alexa488 (G). The
shaded areas indicate the 95% confidence intervals estimated using bootstrapping (see Materials and Methods). The black dashed lines indicate the means
of the distributions, Tcum the cumulative simulation time. (C, E, H) Representative structure snapshots of the unlabelled ssDNA (C), the Cy3-ssDNA (E)
and the Alexa488-ssDNA (H). Positions of the selected snapshots within the corresponding distributions are marked with dots in the probability density
distributions.

dynamic light-mediated acidification mechanism to detach
the tsDNA from the droplet periphery and to probe disso-
ciation kinetics rather than the steady-state. At t = 0 s, the
tsDNA was bound to the ssDNA at the droplet periphery
(Figure 3B) and completely detached within 50 s of illumi-
nation. Upon detachment, the triplex conformation of the
tsDNA was restored. In order to assess the detachment ki-
netics, we monitored the normalized tsDNA–Cy5 intensity
for unmodified, Cy3-modified and Alexa488-modified ss-
DNA inside the droplet over time (Figure 3C). Following
proton-release, the tsDNA detached from the ssDNA for
all tested fluorophore modifications (Video S5). The decay
times td = 1/� of the sigmoidal fits were comparable for
all three fluorophore modifications, indicating similar de-
tachment kinetics. However, detachment (i.e. duplex disso-
ciation) occurred at different time points, hence at different
pH values – again pointing towards an altered binding equi-
librium. Detachment from the unlabelled ssDNA happened
earlier (i.e. at higher pH) indicating that a fluorophore label
is stabilizing the ssDNA-tsDNA complex. Taken together,
the results obtained so far suggest that fluorophore mod-
ifications, in particular Cy-dyes, stabilize not only the un-
bound ssDNA (Hypothesis 1) but also the ssDNA-tsDNA
duplex as illustrated in the free energy profile in Figure 3D.
However, the stabilization of compact ssDNA conforma-
tions is likely stronger, which explains the observed shift
of the pH switching point. This is effectively increasing the
energy barrier for the dynamic switching of fluorophore-
labelled DNA.

Reaction-diffusion modelling reveals impact of fluorophores
on apparent dissociation constant

Finally, having shown that a fluorophore modification on
the ssDNA has a significant influence on the pH switch-
ing point, we now additionally tested the impact of fluo-
rophore modifications on tsDNA. For this purpose, we in-
vestigated twelve different fluorophore combinations on ss-
DNA and tsDNA. To quantitatively compare the impact of
different fluorophores, we developed an analytical model to
derive the apparent dissociation equilibrium constant KD =
koff/kon at a fixed pH for each individual fluorophore com-
bination. For this purpose, we derived a reaction-diffusion
model for spherical compartments (Text S2). It allowed us
to determine the apparent dissociation constant KD by ex-
tracting the droplet radius, the peripheral and the inner in-
tensity of the tsDNA from confocal images with known
total concentrations of DNA. We tested combinations of
five different fluorophores, namely Cy3, Cy5, Alexa488,
Atto488 and Atto647 as well as unlabelled ssDNA on the
apparent KD (Figure 4). Note that the use of an unlabelled
tsDNA was not possible because it would inhibit the mon-
itoring with confocal microscopy.

Remarkably, KD varied dramatically for the different
combinations. Most striking was the fact that binding is
almost fully inhibited for certain fluorophore combina-
tions, like ssDNA/tsDNA-Atto647, ssDNA–Cy5/tsDNA–
Atto488 and ssDNA–Alexa488/tsDNA–Atto647 with KD
� 1. On the other hand combinations like ssDNA–Cy3/ts–
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Figure 3. Light-mediated acidification of water-in-oil droplets reveals fluorophore-dependent duplex dissociation kinetics. (A) Confocal images of the
pH-sensitive dye pyranine (50 �M, �ex = 488 nm, not coupled to DNA) encapsulated into water-in-oil droplets at pH 8. Light-triggered uncaging of
NPE-caged sulfate (�ex = 405 nm) leads to proton release causing a rapid pH drop from 8 to under 5 within 50 s. The pH drop can be monitored as
a decrease in pyranine fluorescence. (B) Representative confocal images of Cy5-labelled tsDNA (�ex = 647 nm) encapsulated together with cholesterol-
tagged ssDNA into water-in-oil droplets at pH 8. During acidification, the tsDNA detaches from the droplet periphery as the triplex state is energetically
favoured. Scale bars: 20 �m. (C) Normalized fluorescence intensity of the tsDNA inside the droplet (periphery excluded) over time for unlabelled, Cy3-
labelled and Alexa488-labelled ssDNA as well as pyranine (right axis). Error bars correspond to the standard deviation of the intensities of n = 26 droplets
for the ssDNA/tsDNA-Cy5 condition, n = 23 droplets for the ssDNA-Cy3/tsDNA-Cy5 condition, n = 24 droplets for the ssDNA-Alexa488/tsDNA-Cy5
condition and n = 5 droplets containing pyranine. Solid lines represent sigmoidal fits with turning points at 33.5 s ± 0.1 s (unmodified ssDNA), 40.7 s ±
0.5 s (ssDNA-Cy3) and 38.0 s ± 0.3 s (ssDNA-Alexa488). Note that the decay times td = 1/� are similar for all fluorophores 3.45 s ± 0.24 s (unmodified
ssDNA), 4.76 s ± 1.13 s (ssDNA-Cy3) and 4.00 s ± 0.48 s (ssDNA–Alexa488). (D) Free energy profile illustrating our conclusion that both equilibrium
states are stabilized by the presence of a dye on the ssDNA.

DNACy5, ssDNA/tsDNA–Cy3 and ssDNA/tsDNA–Cy5
bound very efficiently as expected at pH 8. As a general
trend, we deduce that Cy-dyes on the tsDNA seemed to
lead to a lower apparent KD compared to Atto-dyes. Fur-
thermore, it is surprising that the permutation of two Cy-
dyes on ssDNA and tsDNA lead to a different apparent KD.
While ssDNA-Cy3/tsDNA-Cy5 attached very efficiently,
we obtained intermediate KD’s for ssDNA–Cy5/tsDNA–
Cy3. This could be due to the fact that the larger Cy5 dye
can interact with multiple bases and therefore stabilize the
unbound ssDNA conformation more efficiently. Confirm-
ing our observations, the permutation of the tsDNA fluo-
rophore influenced the pH hysteresis (Supplementary Fig-
ure S6) and the dynamic detachment in experiments using
NPE-caged sulfate (Supplementary Figure S7). Moreover,
if we move the fluorophore modification of the tsDNA from
the 5′ end to the 3′ end, binding to the unlabelled ssDNA
was enhanced (Supplementary Figure S8). This is likely due
to the fact that the dye is placed further away from the stem
loop, making the stem loop better accessible for comple-
mentary base-pairing with the ssDNA. In addition, a fluo-
rophore modification on the 3′ end of the tsDNA may desta-
bilize the triple-straned state, hence increasing the binding
affinity for ssDNA. Indeed, due to the much smaller loop

on that side, steric effects may come into play, which would
equally contribute to the lower intensity inside the droplet
for tsDNA-Cy5-3′.

Taking all these observations into account, we propose
that not only a fluorophore modification on the ssDNA but
also on the tsDNA affects the dynamics of pH-responsive
DNA nanostructures up to a point that binding is inhib-
ited. The choice of fluorescent dyes can thus be exploited to
shape the energy landscape for dynamic DNA nanostruc-
tures and to shift the equilibrium towards the bound or the
unbound state.

DISCUSSION

One of the most exciting tasks in the field of DNA nan-
otechnology is the construction of dynamic molecular de-
vices that can perform mechanical motion upon stimula-
tion. The foundation for this work is an experimental read-
out, which is suitable to track dynamic reconfiguration in
space and time. Fluorescence microscopy techniques, such
as superresolution imaging or FRET, are ideally suited for
in situ measurements on active DNA origami structures.
The fluorophore is normally selected to match the opti-
cal setup rather than the DNA nanostructure itself and
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Figure 4. Histogram depicting the apparent dissociation constants KD for 12 different ssDNA/tsDNA combinations at pH 8 with variable fluorophore
modifications including Alexa488 (�ex = 488 nm), Atto488 (�ex = 488 nm), Cy3 (�ex = 561 nm), Cy5 (�ex = 647 nm) and Atto647 (�ex = 647 nm).
Confocal images of three fluorophore combinations depicting strong (ssDNA–Cy3/tsDNA–Cy5), intermediate (ssDNA–Cy5/tsDNA–Cy3) and almost
no binding to the droplet periphery (ssDNA–Cy5/tsDNA–Atto488). The apparent KD is strongly influenced by fluorophore modifications on ssDNA
and tsDNA up to the point of almost full inhibition of binding, which results in KD � 1. Error bars correspond to the standard deviation of n = 41
droplets for ssDNA/tsDNA–Cy5, n = 32 for ssDNA/tsDNA-Cy3, n = 11 for ssDNA/tsDNA–Atto488, n = 49 for ssDNA/tsDNA–Atto647, n = 73 for
ssDNA–Cy3/tsDNA–Cy5, n = 29 for ssDNA–Cy3/tsDNA–Atto488, n = 67 for ssDNA–Cy3/tsDNA–Atto647, n = 27 for ssDNA–Cy5/tsDNA–Cy3, n
= 31 for ssDNA–Cy5/tsDNA–Atto488, n = 72 for ssDNA-Alexa488/tsDNA-Cy5, n = 29 for ssDNA–Alexa488/tsDNA–Cy3 and n = 68 for ssDNA-
Alexa488/tsDNA–Atto647.

exchanged as required by the experiment. Here, we deter-
mined why the exchange of fluorophores on dynamic DNA
nanostructures can lead to a considerably different exper-
imental outcome. We used a popular pH-sensitive DNA
motif combined with a strand displacement reaction as
an example to show that the fluorophore alone can alter
the steady-state and even completely inhibit the dynam-
ics. Strand-displacement is one of the best understood and
highly specific methods of actuating large DNA devices, but
still has a large potential for improvement with respect to
kinetics (49). Addressing this challenge, we find that fluo-
rophores tend to stabilize the equilibrium states of the sys-
tem with different effects on its dynamics, whereby Cy-dyes
are more prone to inhibit dynamics compared to Atto-dyes.
Beyond fluorophore labelling, DNA nanotechnology uses a
myriad of other chemical modifications on the DNA, form
reactive amine or thiol groups, hydrophobic tags, spacers,
photocleavable groups or modifications for click chemistry
(50). We anticipate that our observations are not limited to
dye molecules – these other chemical modification would
very likely have similar effects. It is thus generally possible
to shape the energy landscape for dynamic reconfiguration
as well as the equilibrium configuration without changing
the DNA sequence.

Our results are directly relevant for various applications
that capitalize on dynamic DNA systems, from bottom-
up synthetic biology to biosensing and the the increas-
ingly popular superresolution technique DNA-PAINT
(23). Without doubt, the possibility to precisely shape en-
ergy landscapes for dynamic DNA nanostructures will lead
to metastable DNA nanostructures and fully reversible
DNA devices with unprecedented complexity – mimicking
the intricate workings of natural nanomachines.
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Rational engineering of cytoskeletons for synthetic cells

3.8 Publication 5: Proton gradients from light-

harvesting E. coli control DNA assemblies for

synthetic cells

After understanding the dynamics of pH-sensitive triplex DNA, we next employ it
for designing a DNA-based cytoskeleton mimic that can deform and scaffold the
membrane of GUVs. We achieve this by engineering a complex signaling pathway
by using top-down engineered genetically-modified E. coli.
The field of top-down synthetic biology attempts to engineer synthetic cells starting
off with a living organism and then remove unessential compartments one by one.
Whereas this approach avoids the tedious purification and reconstitution of proteins
it has its own limitations since natural cells are still extremely complex entities
which makes it difficult to distinguish between essential and unessential genes. In
the following work, we merge the strategies of bottom-up and top-down approaches.
For this purpose, we overexpress the proton pump xenorhodopsin in E. coli. Xenorhodpsin
is a light-sensitive transmembrane and inward-directed proton pump that allows us
to generate a pH-gradient between the E. coli periplasm and the outer aqueous
solution via light illumination. We quantify that the E. coli lead to reversible pH
changes within the outer aqueous solution and encapsulate them as synthetic or-
ganelles within water-in-oil droplets. To make use of the proton gradients, as in the
previous case, we employ DNA nanotechnology by using the pH-sensitive triplex
strand that changes its conformation depending on the pH and therefore bind to the
droplet periphery due to presence of a cholesterol-modified linker strand. We show
that we can induce the triplex DNA attachment to the droplet periphery using light
by coencapsulating E. coli and DNA strands. In order to achieve a more meaning-
ful function we design a much more rigid DNA origami that is functionalized with
triplex DNA and can undergo blunt-end stacking interactions that lead to cluster-
ing of DNA origami structures. Binding the DNA origami to a GUV membrane
and inducing their clustering leads to deformation of the GUVs from their initially
spherical shape. Finally, we set out to combine the features of membrane-based
compartments, DNA origami and E. coli within one system. In a first step the
light illumination of the E. coli leads to an increase of the outer pH, which causes
the triplex DNA to open up. This, in turn, leads to attachment of DNA origami
monomers to the GUV membrane, which causes their deformation after inducing
the blunt-end stacking interactions of DNA origami.
We have thus shown how the merging of two coexisting strategies to engineer syn-
thetic cells - namely bottom-up and top-down synthetic biology - can be combined
to achieve a complex system with sophisticated signalling cascades that lead to a
morphology change of GUVs.
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Proton gradients from light-harvesting E. coli
control DNA assemblies for synthetic cells
Kevin Jahnke1,2, Noah Ritzmann3, Julius Fichtler1,2, Anna Nitschke1,2, Yannik Dreher1,2, Tobias Abele1,2,

Götz Hofhaus4, Ilia Platzman5,6, Rasmus R. Schröder4, Daniel J. Müller 3, Joachim P. Spatz5,6,7 &

Kerstin Göpfrich 1,2✉

Bottom-up and top-down approaches to synthetic biology each employ distinct methodolo-

gies with the common aim to harness living systems. Here, we realize a strategic merger of

both approaches to convert light into proton gradients for the actuation of synthetic cellular

systems. We genetically engineer E. coli to overexpress the light-driven inward-directed

proton pump xenorhodopsin and encapsulate them in artificial cell-sized compartments.

Exposing the compartments to light-dark cycles, we reversibly switch the pH by almost one

pH unit and employ these pH gradients to trigger the attachment of DNA structures to the

compartment periphery. For this purpose, a DNA triplex motif serves as a nanomechanical

switch responding to the pH-trigger of the E. coli. When DNA origami plates are modified

with the pH-sensitive triplex motif, the proton-pumping E. coli can trigger their attachment to

giant unilamellar lipid vesicles (GUVs) upon illumination. A DNA cortex is formed upon DNA

origami polymerization, which sculpts and deforms the GUVs. We foresee that the combi-

nation of bottom-up and top down approaches is an efficient way to engineer synthetic cells.
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Synthetic biology cultivates an engineering approach to
biology with the aim to create or to re-purpose biological
parts for specific tasks. The field is commonly divided into

two branches with distinct tools and methodologies, but also
distinct challenges—top-down and bottom-up synthetic
biology1,2. The top-down approach uses genetic engineering
techniques to manipulate natural cells, reprogramming their
behavior and equipping them with unique and exciting
functions3. Escherichia coli (E. coli) bacteria, for instance, have
been engineered for a variety of tasks, including biofuel
production4, cancer cell targeting5 or light harvesting6,7. Yet liv-
ing cells remain too complex to achieve full control and not all
added functions are compatible with the host8.

The bottom-up approach, on the other hand, has been suc-
cessful at reconstituting natural biomolecules, or artificial com-
ponents in cell-sized confinement like microfluidic droplets or
lipid vesicles9–11. Noteworthy modules have been implemented so
far, each mimicking a specific function of a living cell, including
energy generation12,13, metabolism14, motility15,16, cytoskeletal
contraction17 or division18. Yet the combination of these modules
towards complex signaling pathways for dynamic systems
remains challenging. Merging the capacities of top-down and
bottom-up approaches to synthetic biology can be a leap forward
towards complex bottom-up assemblies but also more versatile
and well-defined top-down systems. Leading to this direction,
communication between natural and synthetic cells has been
implemented19–21 and bottom-up assembled vesicles were used as
organelle mimics in living cells22. Furthermore, engineered pro-
karyotes have recently been used as artificial organelles in living
cells23,24, yet this has never been translated into synthetic cells.

Here, we use top-down genetic engineering to equip E. coli
with light-harvesting capabilities. We employ them as synthetic
organelle mimics inside bottom-up assembled synthetic cellular
compartments. Thereby, we can reversibly switch the pH upon
illumination to trigger an optical or a mechanical response. The
latter is based on the pH-sensitive membrane attachment of a
triplex-forming DNA motif triggered by proton gradients from
light-harvesting E. coli. Furthermore, we employ the pH-gradients
to sculpt synthetic cellular compartments by attaching a DNA
origami plate to the pH-sensitive DNA strand.

Results
Top-down engineering of E. coli for light-harvesting. To equip
synthetic cells with the capability to generate proton gradients, we
set out to assemble an energy module. We genetically engineered
E. coli to overexpress the light-driven proton pump xenorho-
dopsin, a transmembrane protein from nanohalosarchaeon
Nanosalina25. It contains a retinal which, upon illumination,
undergoes a trans-cis conformational change and shuttles a
proton across the lipid membrane. We chose xenorhodopsin
because it shows unique features compared to other proton
pumps, such as bacteriorhodopsin or proteorhodopsin: First of
all, xenorhodopsin exhibits a substantially faster photocycle,
which can result in larger proton gradients25. Second, as an
inward-directed pump26, xenorhodopsin increases the pH
(instead of decreasing it) in the extracellular space upon illumi-
nation (Fig. 1a). As an additional feature, we introduced a C-
terminal fluorescent GFP or mCherry tag to xenorhodopsin for
vizualization of the E. coli. The choice of two dyes allows us to
work with different combinations of fluorophores as required.

To assess and quantify the proton pumping capabilities of the
genetically engineered E. coli, we performed a photoactivity assay,
where we inserted a micro pH electrode into the E. coli
suspension and exposed it to multiple light-dark cycles. Since
the absorption spectrum of xenorhodopsin covers a broad range,

the use of a white light lamp is more effective than excitation with
a specific wavelength (Supplementary Fig. 1). Illumination
increased the pH in the extracellular space by almost one pH
unit within five minutes (Fig. 1b), because protons are
translocated from the extracellular solution to the cytosol. Longer
illumination times resulted in saturation of the pH change
(Supplementary Fig. 2). In the range from OD600= 8 to OD600=
40, the E. coli concentration did not significantly change the
obtained pH gradients and we observed only a very minor
increase in the kinetics at higher concentrations (Supplementary
Fig. 3). The pH quickly returned to its initial value after the light
was turned off due to the dissipation of protons. Even after three
complete light-dark cycles, we observed only little decrease in the
pH gradient. Compared to previous reports where proton pumps
were reconstituted in lipid vesicles7,27, we could achieve faster
and higher pH gradients using genetically engineered E. coli.
Moreover, the use of E. coli circumvented the need for
cumbersome protein purification and reconstitution to prepare
proteoliposomes28, which highlights a key advantage of merging
top-down and bottom-up synthetic biology.

As a next step, we aimed to encapsulate the E. coli as a pH
switch in synthetic cells, which makes pH monitoring with an
electrode impractical. We thus supplement the E. coli suspension
with the ratiometric pH-sensitive fluorescent dye pyranine. The
fluorescence properties of pyranine depend on its protonation
state (Fig. 1c, Supplementary Fig. 4). After suitable calibration
measurements (Supplementary Fig. 5), we could hence monitor
the pH optically29. Figure 1d plots the fluorescence intensity ratio
over time while the system was exposed to light-dark cycles
(Supplementary Movie 1, Supplementary Fig. 6). Notably, we
obtained the same results as previously with the pH electrode.

Light-harvesting E. coli as internal pH actuators. Having
demonstrated light-activated pH switching in bulk, we wanted to
integrate the engineered E. coli as artificial mitochondria mimics
in synthetic cell-sized confinements. Using a microfluidic droplet
formation device (Fig. 2a), E. coli and pyranine were encapsulated
in surfactant-stabilized water-in-oil droplets (Fig. 2b; Supple-
mentary Fig. 7). We obtained E. coli-containing compartments
with a radius of 27 ± 5 μm (mean ± s.d., n = 53, Fig. 2c). Pyranine
served as a fluorescent pH indicator inside the compartments
(Fig. 2d; Supplementary Fig. 8). We exposed the system to three
consecutive light-dark cycles. Illumination with white light trig-
gered a pH increase inside the cell-sized compartments due to the
light-driven proton transport by the E. coli, resulting in an optical
response of the compartments themselves (Fig. 2e; Supplemen-
tary Movie 2). Taken together, we demonstrated that the
genetically engineered E. coli can provide light-activated proton
gradients in cell-sized compartments.

pH-sensitive attachment of DNA to the compartment periph-
ery. Proton gradients in synthetic systems are especially exciting if
they can be utilized to control and energize downstream processes.
Instead of relying on purified proteins, an increasingly popular
approach is to construct such pH-dependent machineries de novo
from molecular building blocks. DNA nanotechnology, in parti-
cular, has been employed to build a variety of functional compo-
nents for synthetic cells17,30,31, including membrane-sculpting32–35

and pH-responsive components such as filaments36 or rotors37,38.
However, pH-responsive actuation is challenging after encapsula-
tion into a compartment. With the E. coli, we can circumvent this
by converting light into a proton gradient.

Towards this goal, we want to implement pH-induced
membrane modification and remodeling. For this purpose, we
employ a single-stranded DNA sequence, which consists of
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specifically designed sections36,39: First, it contains a self-
complementary section, which forms a DNA duplex following
the Watson-Crick basepairing rules. A single-stranded hairpin
loop connects the duplex-forming sections. Another critical
single-stranded region is located at the 3ʹ end. At acidic pH it
wraps around the DNA duplex to form a triplex, held together by
Hoogsten interactions. At basic pH, the triplex becomes unstable.
The remaining duplex can now also open up, if a second DNA
strand with higher affinity binds to the hairpin loop36. By
functionalizing this second DNA strand with a terminal
cholesterol tag, it self-assembles at the compartment periphery
due to hydrophobic interactions40. Thereby, we can recruit the
triplex-motif strand to the compartment-periphery in a pH-
reversible manner (Fig. 3a). At basic pH, the triplex-motif strand
is bound to the periphery (Fig. 3b, inset top right and
Supplementary Fig. 9). At acidic pH, on the other hand, it
remains homogeneously distributed inside the compartment
(Fig. 3b, inset bottom left). Note that the periphery attachment
is due to specific interactions between the opened DNA triplex
and the complementary cholesterol-tagged DNA. Unspecific
absorption in the absence of the cholesterol-tagged DNA was
not observed (Supplementary Fig. 10)41. To characterize the pH-
sensitive membrane attachment, we assessed the fluorescence
intensity inside the compartment as a function of pH. The
fluorescence intensity decrease with increasing pH follows a
sigmoidal fit with a pKa of 6.05, which is compatible with the pH
range of the E. coli and previous works39. It is important to note
that the choice of fluorophore can affect the pH switching
point41.

As a next step, we need to verify that membrane attachment of
the DNA can also be triggered by the engineered E. coli. We
hence co-encapsulated them with the cholesterol-tagged as well as

the triplex-forming DNA strand using a microfluidic two-inlet
device (Supplementary Figs. 7 and 11). A second inlet proved to
be advantageous, because the cholesterol-tagged DNA could bind
to the droplet periphery before encountering the E. coli, hence
preventing unwanted attachment to the E. coli due to hydro-
phobic interactions42.

After microfluidic droplet formation in the dark, the triplex-
forming DNA was homogeneously distributed inside the
compartment with some attachment to the periphery (Fig. 3c).
From the calibration curve, we could deduce a starting pH value
of around 6.2 inside the droplets, consistent with previous
experiments in Fig. 1. Upon illumination, the DNA attached to
the compartment periphery over the course of 30 min (Fig. 3d,
Supplementary Movie 3). We can deduce a pH increase of
approximately one pH unit to about pH 7.25, consistent with the
bulk experiments in Fig. 1 (Supplementary Note 1). The dynamic
opening of the triplex and subsequent attachment to the
periphery was considerably slower than the pyranine response36.
We observed that the DNA remained attached to the compart-
ment periphery after the light was turned off. We found that this
is due to an interesting hysteresis effect: Once the DNA duplex at
the droplet periphery was formed, the detachment of the triplex-
forming DNA was shifted to substantially lower pH values
(Supplementary Fig. 12). Therefore, the DNA did not detach
when the pH returned to its original value after turning the light
off. This effect can likely be attributed to an effective stabilization
of the duplex conformation41. Detachment could, however, be
achieved with larger pH gradients (Supplementary Movie 4):
Fig. 3e shows the reversible attachment of the DNA triplex to the
compartment periphery, triggered by the addition of a proton
acceptor (1 vol% propylamine in HFE) and subsequent addition
of a proton donor (1 vol% trifluoroacetic acid (TFA) in HFE). The
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increase in fluorescence after addition of TFA can be attributed to
the pH-sensitive nature of the Cy5 dye43.

We have thus realized a complex reaction pathway, where
illumination activates the internal organelle mimics, causing a
proton gradient which, in turn, leads to the stable modification of
the compartment periphery. Moreover, the pH-sensitive mem-
brane attachment and the discovered hysteresis effect extend the
scope of the DNA triplex motif in DNA nanotechnology.

pH-induced morphology change. Next, we can exploit the pH-
responsive modification of the compartment periphery to provide
a meaningful function. Assuming that the DNA triplex motif
could serve as a shuttle to bring components to the periphery, we
set out to develop a cytoskeleton mimic, which could sculpt
synthetic cellular compartments in a pH-responsive manner. For
this purpose, we designed a DNA origami plate made of two

layers of DNA helices (Fig. 4a, Supplementary Fig. 13). The two
layers were twisted at a 90∘ angle as visible in the cryo electron
micrographs (Fig. 4b), providing interaction sites for blunt-end
stacking44 on all four sides of the DNA origami. This, in turn,
leads to efficient polymerization of the DNA origami monomers
into large flat sheets when the edge staples at the scaffold seam are
included as verified via cryo-electron microscopy (Supplementary
Fig. 14), atomic force microscopy (Supplementary Fig. 15) and
agarose gel electrophoresis (Supplementary Fig. 16). The bottom-
side of the DNA origami was functionalized with the DNA triplex
motif at four positions. At basic pH, the DNA origami thus
attached to the periphery of cell-sized droplets functionalized
with the complementary cholesterol-tagged strand. However, the
droplets remained spherical (Supplementary Fig. 17). This is not
surprising given that droplets could also not be deformed with
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available for Fig. 3b, d.
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cytoskeletal proteins due to their interfacial properties17,45. We
thus moved to a compartment system which better mimics the
mechanical properties of cellular membranes. We produced giant
unilamellar lipid vesicles (GUVs) and functionalized them
externally with the cholesterol-tagged DNA. We then added the
pH-sensitive DNA origami to the GUVs at pH 8.3. At this pH,
the DNA origami binds to the GUV membrane. Upon addition of
the staples at the scaffold seam, which enable blunt-end stacking,
we observed considerable deviations from the initially spherical
shape of the GUV (Fig. 4c, d). Large flat sections appeared on the
GUV with kinks at the phase boundaries between the poly-
merized flat DNA sheets. In fluorescence recovery after photo-
bleaching (FRAP) experiments, we find that the polymerized
DNA origami layer is not diffusive, as expected for large inter-
connected sheets, in particular in the presence of Mg2+46. For the
underlying deformed lipid membrane, we obtain a diffusion
coefficient of 1.23 ± 0.14 μm2s−1 which is comparable to the lipid
diffusion in bare GUVs47 (Supplementary Fig. 18). In addition to
the morphological change, we observe a suppression of mem-
brane fluctuations (Supplementary Fig. 19, Supplementary
Movie 5), indicating a mechanical stabilization of the
compartment35,48 by the DNA-based exoskeleton mimic

(Supplementary Note 2). The stabilization effect could potentially
be exploited for drug delivery applications. Both the morpholo-
gical and the mechanical alterations are reversible (Supplemen-
tary Fig. 20): Addition of an acid led to pH decrease and hence to
the detachment of the DNA origami from the GUV membrane.
Notably, the GUVs relax back into their initial spherical shape
(Fig. 4d, more images in Supplementary Figs. 21 and 22). Note
that a pH decrease to pH 5.6 is required to fully detach the DNA
origami from the GUV membrane, which is below the pH
decrease that can be provided by the E. coli (see Fig. 1). The larger
pH gradients required for attachment and detachment of the
DNA origami compared to the triplex strand alone can be
explained with a cooperativity effect. Each DNA origami is
modified with four triplexes. Therefore, complete detachment
took several hours and hence the addition of an acid was
necessary. The histograms in Fig. 4e quantify the pH-reversible
morphology change of the GUVs, revealing lower and more
broadly distributed circularities when the DNA origami was
attached at high pH. Taken together, the self-assembly of nano-
scopic pH-responsive building blocks could trigger the micro-
scopic morphological remodeling of the shape of lipid-
membrane-based synthetic cellular compartments.
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Finally, we set out to combine the DNA origami-mediated pH-
sensitive deformation of GUVs with the light-responsive proton-
pumping capabilities of the E. coli. First, we showed that the
GUVs remained stable in the E. coli culture and that we can
attach the plain triplex-forming DNA to the GUV membrane
upon illumination (Supplementary Figs. 23 and 24; Supplemen-
tary Movie 6). Thus, the pH-signal-transduction between the top-
down engineered E. coli and bottom-up assembled synthetic cells
is also successful when the E. coli are used as external actuators.
Next, we immersed the GUVs in a solution of E. coli and pH-
sensitive DNA origami. We observed the attachment of the pH-
sensitive DNA origami to the GUV membrane upon illumination
(Fig. 5a, Supplementary Movie 7). Fig. 5b quantifies the amount
of DNA origami attachment, i.e., normalized fluorescence
intensity at the GUV periphery IPeri, over time during periods
of illumination and darkness. DNA origami attachment happens
repeatedly and only during periods of illumination, until
saturation is reached. The attachment occurs due to the pH
increase triggered by the light-harvesting E. coli. After illumina-
tion, in periods of darkness, the pH gradient dissipates. Never-
theless, the amount of DNA origami attachment remains roughly

constant (Fig. 5b, t= 50 min until t= 110 min). This can be
attributed to the observed pH hysteresis effect (Supplementary
Fig. 12): The pH would have to drop below the starting value for
detachment, which cannot be achieved with the E. coli alone.
Nevertheless, a second illumination cycle (from t= 110 min)
showed that the E. coli remain active and that the DNA origami
attachment continued until saturation was reached.

After attachment, we enabled the polymerization of individual
DNA origami monomers by adding the staple strands at the
scaffold seam, which induce blunt-end stacking. This leads to the
deformation of GUVs within two hours (Fig. 5c, Supplementary
Movie 8), when the solution was illuminated with light, whereas
GUVs remained spherical when they were left in the dark
(Supplementary Figs. 25 and 26). Note that the deformation is
weaker compared to the deformation achieved with conventional
pH switching due to the smaller pH gradient. We can thus exploit
the light-harvesting E. coli to actuate a morphology change of
the GUVs.

Discussion
In summary, we have shown that the use of top-down engineered
bacteria can enhance bottom-up assembled synthetic cells. The
light-induced proton gradients we achieve with xenorhodopsin-
overexpressing E. coli are not only larger than what was pre-
viously achieved with purified and reconstituted proteins – we
also circumvent the laborious processes involved in their pre-
paration. Especially membrane proteins, which can provide
transient or chemically storable forms of energy as well as signal
transduction and molecular transport in living cells, can be
challenging to purify and reconstitute. Therefore, we can exploit
the engineered E. coli to drive sophisticated downstream
dynamics in synthetic cells. In particular, we demonstrate the pH-
sensitive attachment of a triplex-motif-carrying DNA origami to
the compartment periphery upon illumination. The polymerized
DNA origami, in turn, leads to a shape change of the GUVs
triggered by the proton-pumping activity of the E. coli. The
possibility to manipulate lipid membranes and not just the DNA
nanostructures themselves broadens the scope of the popular
DNA triplex-motif. For biotechnological applications, compart-
ments that modify themselves as a response to environmental
factors are highly desirable. More general, the integration of top-
down engineered cells into bottom-up synthetic biology, con-
tributing to bridge a long-standing divide, will provide the
potential to realize diverse functions beyond light-harvesting49.
We envision that the integration of top-down engineered com-
ponents in synthetic cells will be a leap forward in their com-
plexity and functionality.

Methods
Cloning. The plasmid pNR31 harboring the xenorhodopsin gene from Nanosalina
(NsXeR) fused to the gene coding for superfolder-GFP (sf-GFP) was assembled by
replacing the gene coding for proteorhodopsin in plasmid pNR037 with the NsXeR
gene (Supplementary Table 1). Therefore, a codon-optimized NsXeR gene based on
the amino-acid sequence25 with a 5ʹ NdeI and a 3ʹ BamHI restriction site was
synthesized by GenScript (https://www.genscript.com) and cloned into the pUC57
plasmid. Using these two restriction enzymes (New England Biolabs, Ipswich, MA),
the NsXeR gene was then subcloned into the pNR03 plasmid. The plasmid pNR33
harboring the NsXeR gene fused to mCherry (Supplementary Table 1) was
assembled in multiple steps. First the sf-GFP gene in pNR03 was replaced by the
gene coding for mCherry. To that end, the mCherry gene was amplified from the
pNR09 plasmid using primers 5ʹ-GGC GGA TCC ATG CAT AGC AAG GGC
GAG-3ʹ and 5ʹ-GCC AAG CTT CTT GTA CAG C-3ʹ (Microsynth AG) to intro-
duce 5ʹ BamHI and 3ʹ HindIII restriction sites7. The resulting PCR-product was
then cloned into plasmid pNR03 where it replaced the sf-GFP gene. Subsequently
the same subcloning as for plasmid pNR31 was performed to replace the gene
coding for proteorhodopsin with the NsXeR gene.

Overexpression of fusion-proteins in E. coli. E. coli C41 (DE3) cells (Sigma-
Aldrich) were transformed with the plasmids pNR31 and pNR33. 100 mL Luria-
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Bertani (Fisher Scientific) liquid cultures (100 μg/mL ampicillin, Sigma-Aldrich)
were inoculated 1:100 from overnight cultures. The E. coli cells were grown at 37∘C
while shaking at 220 rpm until an OD600 of 0.4 was reached. Then, all-trans-retinal
(Sigma-Aldrich) was added to a concentration of 10 μM and the expression of the
fusion-proteins was induced with the addition of 1 mM isopropyl-D-
thiogalactopyranoside (IPTG, Sigma-Aldrich). The cells were incubated for another
4 h at 37 ∘C while shaking at 220 rpm. Subsequently they were harvested by cen-
trifugation (3200 × g for 10 min at 4 ∘C) and resuspended in 150 mM NaCl. The
cells were stored at 4∘C and protected from light until further use.

Photoactivity measurements with a micro pH-electrode. E. coli cells over-
expressing either XeR-GFP or XeR-mCherry were washed twice with 150 mM
NaCl (3200 × g for 10 min at 4 ∘C) prior to photoactivity measurements. Imme-
diately before the measurement, another washing step was performed. The bacteria
were concentrated to an OD600 of 20. Photoactivity measurements were conducted
using a micro pH-electrode (InLab Micro Pro, Mettler Toledo, Columbus, OH) and
a sample volume of 800 μL. The pH was recorded every 10 s. During the mea-
surements the bacteria were protected from ambient light and continuously stirred
to prevent sedimentation. The sample was illuminated with a KL 1500 LCD
halogen lamp (Schott) for 5 min during each light-dark cycle. After each
illumination-period the sample was kept in the dark for 10 min. All measurements
were performed at room temperature.

Confocal fluorescence microscopy. A confocal laser scanning microscope LSM
880, LSM 800 or LSM 700 (Carl Zeiss AG) was used for confocal imaging. The
pinhole aperture was set to one Airy Unit and experiments were performed at room
temperature. The images were acquired using a 20x objective (Plan-Apochromat
20x/0.8 M27, Carl Zeiss AG). Images were analyzed and processed with ImageJ
(NIH, brightness and contrast adjusted) and Zen imaging software (Version 2.3).
Confocal images were analyzed using a custom-written ImageJ macro (available
here: https://doi.org/10.5281/zenodo.4738934). Cell-sized compartments were
identified, their radius calculated and the intensity within the compartment center
defined as mean inner intensity IIn. The peripheral intensity was determined by
quantifying the maximum intensity along a line orthogonal to the compartment
periphery. This was repeated every 18∘ and the mean value taken as IPeri. The
resulting data was plotted with Prism 8 (Version 8.4.3) and figures were compiled
with Inkscape (Version 1.0rc1).

Formation of surfactant-stabilized water-in-oil droplets. Microfluidic PDMS-
based (Sylgard 184, Dow Corning) devices for the formation of water-in-oil dro-
plets were produced and assembled40. The device layouts of the single and two-
inlet devices are shown in the Supplementary Fig. 7. The oil-phase contained
1.4 wt% of Perflouro-polyether-polyethylene glycol (PFPE-PEG) block-copolymer
fluorosurfactants (PEG-based fluorosurfactant, Ran Biotechnologies, Inc.) dis-
solved in HFE-7500 oil (DuPont). The aqueous phase contained the encapsulated
content and was varied as described in the corresponding sections. The fluid
pressures to induce droplet formation were controlled by an Elveflow microfluidic
flow control system or syringe pumps (Harvard Apparatus). The fluids for the
syringe pumps were injected into the channels with 1 ml syringes (Omnifix, B.
Braun, Germany) connected by a cannula (Sterican®0.4 ×20 mm, BL/LB, B.Braun)
as well as PTFE-tubing (0.4 × 0.9 mm, Bola). To observe the droplet production
process, an Axio Vert.A1 (Carl Zeiss AG) inverse microscope was used. As an
alternative to the microfluidic formation of droplets, the aqueous phase was layered
on top of the oil phase within a microtube (Eppendorf) and droplet formation was
induced by manual shaking50.

Photoactivity measurements in droplets. Photoactivity measurements in dro-
plets were performed by encapsulating E. coli (OD600 ≈ 20) with pyranine (50 μM)
into surfactant-stabilized droplets using the microfluidic device described above.
The droplets were stored at 4∘C after formation to allow for equilibration of the pH
inside the droplet. Subsequently, droplets were sealed in an observation chamber
and observed with confocal fluorescence microscopy. After 10 min of imaging in
the dark, the sample was illuminated for 5 min using a Photonic PL 1000 lamp
(light intensity 8Mlx using a 30W halogen bulb). The lightguide was placed 5-10
cm above the sample. These cycles were repeated for 1 h.

pH-sensitive attachment of DNA to the droplet periphery. Cholesterol-tagged
DNA (sequence: 5ʹ (Cy3)-ACCAGACAATACCACACAATTTT-CholTEG 3ʹ,
HPLC purified) and the Cy-5 labeled triplex-forming DNA (sequence: 5ʹ Cy5-
TTCTCTTCTCGTTTGCTCTTCTCTTGTGTGGTATTGTCTAAGAGAAGAG 3ʹ,
adapted from Green et al.36, HPLC purified) were purchased from Biomers or
Integrated DNA Technologies. Both DNA sequences were encapsulated in
microfluidic droplets at a concentration of 1.5 μM and 1 μM, respectively. For the
calibration measurement (Fig. 3b), the aqueous solution inside the droplets addi-
tionally contained 50 mM potassium phosphate buffer at the respective pH. Pro-
pylamine (from Sigma Aldrich) and Trifluoracetic Acid (TFA, from Sigma Aldrich)
were flushed to dynamically change the pH of the droplets’ aqueous phase. For the
co-encapsulation of the DNA together with the E. coli (OD600 ≈ 20), a two-inlet

droplet formation device was used (see Supplementary Fig. 7). Droplets were sealed
in an observation chamber for confocal fluorescence imaging experiments.

GUVs electroformation and DNA attachment. GUVs consisting of 99 % DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine, from Avanti Polar Lipids) and 1 %
Atto488-DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-Atto488, from
AttoTEC) in 120 mM sucrose were produced via electroformation using a Vesicle
Prep Pro (Nanion)34. An AC-current with an amplitude of 3 V and a frequency of
5 Hz was applied for 2 h at 37∘C. The cholesterol-tagged DNA and the triplex-
forming DNA were added to the GUVs at a concentration of 0.6 μM and 0.4 μM,
respectively, before the addition of the E. coli (OD600 ≈ 20), in an unbuffered
solution containing 150 mM NaCl and 5 mM MgCl2.

DNA origami design and assembly. DNA origami structures were adapted from
an earlier design by Kopperger et al.51 using the open-access software cadnano52.
Several changes were introduced, in particular: (1) Addition of nine DNA staple
strand overhangs on the top layer, complementary to single stranded fluorescent
Cy3-tagged DNA; (2) Addition of four single stranded overhangs on the bottom
layer, complementary to the triplex-forming DNA; (3) Complete redesign of the
edge staples resulting in a cross-shaped plate. The sticky cross DNA origami
contained edge staples that finish the scaffold seam, enabling blunt-end stacking
with neighboring origami. (4) Use of the longer single-stranded scaffold DNA, type
p8064. A complete list of the DNA sequences is shown in Supplementary Data 1,
the details of the design are shown in Supplementary Fig. 13. DNA origami was
assembled by adding all unmodified staple strands (Integrated DNA Technologies,
Inc., purification: standard desalting) in fivefold excess compared to the
p8064 scaffold strand (tilibit nanosystems GmbH). The solution contained 1 × TAE
(Tris-Acetate-EDTA, Sigma-Aldrich) and 20 mM MgCl2 (Sigma-Aldrich) at pH
7.4. The DNA origami was annealed in a thermocycler (Bio-Rad T100) that con-
trols a temperature ramp from 70 ∘C to 20 ∘C over 12 h and successively holds the
temperature at 40 ∘C for at least 3 h51. The unpurified samples were stored at 4 ∘C
until further use.

Purification of the DNA origami. Prior to purification from excess staples, the
DNA origami was mixed with 1 μM Cy3-tagged single-stranded DNA (Integrated
DNA Technologies, Inc., DNA sequence: 5ʹ Cy3- AAAAAAAAAAAAAAAAAA
AA 3ʹ, purification: HPLC) as well as a pH-sensitive triplex-forming DNA motif
(Integrated DNA Technologies, Inc., DNA sequence: 5ʹ TTCTCTTCTCGTTTG
CTCTTCTCTTGTGTGGTATTGTCTAAGAGAAGAGTTTGATGCATAGAA
GG 3ʹ). The DNA origami was then suspendend in 500 μL of 1 × TAE, 5 mM
MgCl2 and purification was performed by spin filtration in a Biofuge Fresco
microlitre centrifuge (Heraeus 75005521) using 100 kDa cutoff filters from Amicon
(Amicon Ultra-15, PLHK Ultracel-PL Membran, UFC910008)31. After filtration,
the MgCl2 concentration was raised to 20 mM again. Before the experiment,
microvolume spectrophotometry (PEQLAB Biotechnologie GmbH) yielded a DNA
origami concentration of 6.54 ± 0.42 nM.

Cryo electron microscopy. In total, 3 μL of the assembled DNA origami in 10 mM
sodium phosphate pH 8.3 containing 20 mM MgCl2 were blotted for 5-10 s in a
(Vitrobot Mark IV, Thermo Fischer) on Quantifoli 2/1 grids with zero blot force at
100% humidity. Plunge frozen samples were imaged in a Krios equipped with a K3
camera behind an energy filter at a pixel size of 0.137 nm. Images were taken by
single particle program (EPU, Thermo Fischer) with a a total dose of 20 e/A2.
Movies of 20 frames were corrected53 then cropped, normalized, low-pass filtered
(0.0625) and 4x binned54.

GUV deformation with pH-sensitive DNA origami. The DNA origami (in 1 x
TAE, 20 mM MgCl2) was incubated with cholesterol-tagged DNA at 50 nM for 25
minutes and immediately mixed with Atto488-labeled iso-osomotic (120 mOsmol)
GUVs in a ratio of one to three. DNA origami-coated GUVs were imaged after
24 hours of incubation in the fridge. Subsequently, the GUVs were incubated for
another 24 hours with 48 mM KH2PO4 buffer in order to detach the DNA origami
from the GUV membrane.

GUV deformation with pH-sensitive DNA origami and light-responsive E. coli.
For these experiments, the DNA origami was suspended in a solution of 75 mM
NaCl and 10 mM MgCl2 without addition of a pH-buffering agent. In order to
prevent DNA origami polymerization prior to GUV-attachment, the staple strands
at the scaffold seam were excluded. The single-stranded scaffold loops prevent base
stacking. Subsequently, Atto488-labeled GUVs in sucrose (195 mOsmol) were
diluted in 75 mM NaCl and 10 mMMgCl2 and mixed with 2 μM cholesterol-tagged
DNA. After 5 min incubation, E. coli resuspended at an OD600 = 60 in 75 mM
NaCl and 10 mM MgCl2 and DNA origami were mixed in a 1:1:1 ratio with GUVs.
For the DNA origami attachment the solution was put into an observation
chamber and illuminated with white light during confocal imaging. For subsequent
GUV deformation, the staples at the scaffold seam were added to induce base
stacking interactions between the membrane-bound DNA origami. The solution
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was illuminated for 30 min in bulk before the addition of 50 nM staple strands and
imaged 14 h later.

Statistics and reproducibility. The experiments were performed independently at
least two times. In particular, values in Fig. 1b correspond to three independent
experiments and in Fig. 1d to four independent experiments. Experiments for
Figs. 2e, 3b, d and 4e were performed two times or more. Fig. 5 was only replicated
once, however due to the sequential attachment via light and appropriate controls,
we believe that this is adequate. All representative confocal, atomic force and
electron microscopy images are only a subset of at least 10 or more images showing
similar results.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request. Source data for main figures 1b, c, d, 2e, 3b, d, 4e, 5b and
supplementary figures 1a, c, d, 2, 3a, b, 5, 8, 12, 16, 18b, 19a, b and 24c are provided with
this paper.

Code availability
Image J macro for the analysis of the intensity inside the compartment and at the
compartment periphery is provided under the following link: https://doi.org/10.5281/
zenodo.4738934.
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Rational engineering of cytoskeletons for synthetic cells

3.9 Publication 6: Functional DNA-based cytoskele-

tons for synthetic cells

To summarize, so far we have seen how the reconstitution of natural proteins, in par-
ticular actin filaments and heavy mero-myosin, or even whole cells like genetically-
modified E. coli in combination DNA origami cytoskeletons can be beneficial for
the bottom-up engineering of synthetic cells. A truly synthetic cell, however, does
not necessarily rely on protein engineering and purification but would consist out of
purely synthetic and ideally programmable building blocks. In the next two publica-
tions we will therefore explore how synthetic cytoskeletons can be rationally designed
employing synthetic DNA nanotubes (termed DNA filaments). The first publica-
tion focuses on the design and characterization of DNA filaments within water-in-oil
droplets, whereas the second one reconstitutes functional DNA cytoskeletons inside
GUVs.
At first, we chose a DNA tile structure consisting out of five individual strands
that can hybridize via addressable overhangs into DNA nanotubes with a diameter
of 12 nm and an average length of 7.7 µm. These DNA filaments can be reconsti-
tuted within microfludic water-in-oil droplets creating a meshwork of filaments. As
a next step, we make use of the programmability of DNA and design two ways to
reversibly assemble DNA filaments via: i) DNA aptamers and ii) toehold-mediated
strand displacement. Both approaches can be engineered to assemble DNA filaments
in a reversible manner. The aptamer-based approach allows us to engineer ATP-
sensitive DNA filaments that only assemble in presence of ATP. We also combine
this assembly approach with actin polymerization within confinements and find that
they can work equally fast. Lastly, a cytoskeleton mimic should be capable of pro-
moting intracellular transport. We achieve the transport of SUVs along the DNA
filament tracks by adapting an RNase H-mediated burnt-bridge mechanism [102,
103] that can be fine tuned via the amount of RNase H present within the water-
in-oil droplet. Notably, the SUV transport along DNA filaments could, in principle,
also achieved without proteins via toehold-mediated strand displacement at the ex-
pense of a decrease in velocity to about 1 nm/min [104, 105].
We have thus achieved the reversible assembly of purely synthetic DNA cytoskeleton
mimics and intracellular transport of vesicles on defined tracks.
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Abstract4

The cytoskeleton is an essential component of a cell. It controls the cell shape, estab-5

lishes the internal organization, and performs vital biological functions. Building synthetic6

cytoskeletons that mimic key features of their natural counterparts delineates a crucial step7

towards synthetic cells assembled from the bottom-up. To this end, DNA nanotechnology8

represents one of the most promising routes, given the inherent sequence specificity, ad-9

dressability, and programmability of DNA. Here, we demonstrate functional DNA-based10

cytoskeletons operating in microfluidic cell-sized compartments. The synthetic cytoskele-11

tons consist of DNA tiles self-assembled into filament networks. These filaments can be12

rationally designed and controlled to imitate features of natural cytoskeletons, including13

dynamic instability, ATP-triggered polymerization, and guided vesicle transport in cell-sized14

confinement. Also, they possess engineerable characteristics, including assembly and dis-15

assembly powered by DNA hybridization or aptamer-target interactions and autonomous16

transport of gold nanoparticles. This work underpins DNA nanotechnology as a key player17

in building synthetic cells.18

The cytoskeleton in a living cell functions far more powerful than what the etymon “skeleton”19

conveys. Apart from serving as the mechanical support, it is involved in diverse cellular processes,20

ranging from cell division and motility to signal transduction and intracellular transport [1, 2].21

Nevertheless, the multifunctional nature of the cytoskeleton provokes great challenges to build22

their biomimetic analogs in pursuit of bottom-up cell-free synthetic cells. Meanwhile, in the23

field of DNA nanotechnology, a variety of DNA-based multifunctional devices have been24

accomplished beyond nanoscopic art and sophisticated nanoarchitectures [3, 4, 2]. Remarkable25

examples include a plethora of biomimetic systems, such as DNA-based ion-channels [5, 6],26

walkers [7, 8], rotors [9, 10] and assembly lines [11], among others, which closely resemble the27

molecular machines in living cells. Recently, preliminary attempts have been made to achieve28

the stimuli-responsive assembly of DNA-based filaments [12, 13, 14]. However, there is still29

lack of cytoskeleton mimics with controlled multi-functionality in cell-sized compartments to30

master complexity and advance a crucial step towards synthetic cells. Here, we demonstrate31

DNA-based cytoskeleton mimics, which possess the most representative characteristics of32

natural cytoskeletons, including compartmentalization, ATP-triggered polymerization, dynamic33

instability, and intracellular cargo transport. Also, we show that these DNA-based cytoskeleton34

2



mimics can be programmably designed to achieve assembly and disassembly powered by DNA35

hybridization or aptamer-target interactions with unprecedented degrees of freedom.36

Results37

Design of the DNA cytoskeletons38

Figure 1 presents a conceptualized illustration of our synthetic system, including compart-39

mentalization of different functional components in cell-sized confinement using microfluidic40

technologies, assembly and disassembly of DNA-based filaments triggered by DNA hybridization41

or aptamer and target interactions, as well as autonomous transport of lipid membrane vesicles42

or gold nanoparticles along the filaments powered by ribonuclease H (RNase H)-mediated43

hydrolysis. To implement DNA-based filaments as cytoskeleton mimics, a DNA tile design44

containing five individual DNA strands [12, 15] is employed to yield micrometer-long hollow45

DNA tubes through self-assembly. As shown in Fig. 1, the DNA tile is functionalized with four46

short sticky ends (light purple and blue) that serve as binding domains (see Supplementary Fig.47

S1 and Supplementary Dataset 1 for a complete list of DNA sequences). Such an arrangement of48

the sticky ends can guide the interaction of the DNA tiles to form tubular DNA filaments with49

a range of circumferences comprising 6–8 tiles [13, 15]. The confocal microscopy image of50

the formed structures in Fig. 2a confirms the successful assembly of the filaments. Structural51

analysis using atomic force microscopy (AFM) images reveal an average filament diameter52

of 12 nm (see Supplementary Fig. S2), corresponding to 6 tiles (12 DNA duplexes) around53

the tubular cross-sections. The assembly conditions, including the DNA tile concentration,54

buffer conditions and temperature, have been optimized to provide a high yield of correctly55

assembled long filaments (see Methods, Supplementary Figs. S2-S4). The confocal microscopy56

analysis yields an average length of 7.74 µm (see Fig. 2b and Supplementary Fig. S5). Next,57

all the components for the filament assembly are encapsulated into cell-sized droplets using58
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Figure 1: Functional DNA-based cytoskeletons for synthetic cells. Schematic illustration of a
cell-sized microfluidic droplet, containing multifunctional DNA-based filaments. The DNA-
based filaments undergo dynamic assembly and disassembly triggered by strand displacement
reactions or aptamer-target interactions. Moreover, guided directional transport of organic lipid
membrane vesicles or inorganic gold nanoparticles along the filament tracks is powered by
ribonuclease H (RNase H)-mediated hydrolysis.

microfluidics (see Supplementary Fig. S6). The confocal microscopy image in Fig. 2c proves59

the formation of monodisperse droplets, which confine meshworks of the DNA-based filaments60

inside their lumina. The average droplet diameter is engineerable and can be varied according61

to different experimental requirements. As shown in Supplementary Video S1, the filaments62

remain dynamic, displaying constant remodeling and rearrangement of the assemblies in 3D63

confinement.64

Reversible assembly by strand-displacement65

Capitalizing on the unique programmability of DNA, dynamic assembly and disassembly of the66

filaments are enabled by sequential toehold-mediated DNA strand displacement reactions [16].67

More specifically as shown in Fig. 2d, the DNA tiles [17] are modified with toeholds that can be68
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displaced upon addition of the invader strands prior to encapsulation (see Supplementary Fig.69

S7). This results in the disassembly of the filaments, giving rise to a homogeneous distribution of70

the fluorophore-tagged DNA inside the droplet lumen (see Fig. 2e). Subsequent addition of the71

anti-invader strands directly before encapsulation restores the initial filament morphology inside72

the droplet (see Figs. 2d, 2e and Supplementary Fig. S8). Using an optimized sequence design73

[18], comparably fast kinetics have been achieved. The assembly and disassembly processes74

take place within ten minutes. To quantify the reversibility of the dynamic processes, the75

porosity Φ inside the droplets, which is a direct measure for the degree of filament assembly, is76

evaluated after two subsequent strand displacement reactions. As shown in Fig. 2f, the degree of77

polymerization ((1−Φ) · 100%) decreases from 55.1± 14.6 % to 19.2± 2.8 % and then returns78

approximately to its initial value of 54.4± 4.4 %. This demonstrates the excellent reversibility79

of the disassembly and assembly processes powered by DNA hybridization.80

Reversible assembly by aptamer-target interactions81

To integrate biologically relevant components into our synthetic system, next we regulate the82

assembly and disassembly of the DNA-based filaments by aptamer-target interactions. As shown83

in Fig. 3a, each DNA tile is functionalized with a split ATP aptamer [19] with its two segments84

positioned on the opposite ends of the tile. In the presence of ATP, the two aptamer segments85

can bind, leading to the assembly of the filaments. The dynamic polymerization process inside86

the individual droplets is tracked and quantified by confocal microscopy as shown in Fig. 3b87

(see also Supplementary Video S2, Fig. S9). After approximately 40 min, the growth of the88

DNA-based filaments inside the compartments reaches a reaction plateau. The ATP aptamer89

has a lower affinity to ATP compared to the affinity between the toehold and the invader/anti-90

invader [20]. This means that higher concentrations of ATP are needed to achieve similarly fast91

reaction kinetics. Filament assembly within 10 minutes requires only 37.5µM of the anti-invader92
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Figure 2: Assembly and disassembly of the DNA-based filaments in cell-sized confinement. a
Confocal microscopy image of the Cy3-labelled DNA-based filaments (excitation wavelength,
λex = 561 nm). Scale bar: 20 µm. b Histogram of the filament lengths determined by confocal
microscopy, revealing a mean length of 7.74 µm (n = 516). c Overlay of the confocal and
bright-field overview images of the monodisperse microfluidic water-in-oil droplets containing
Cy3-labelled DNA-based filaments (excitation wavelength, λex = 561 nm). Scale bar: 50 µm. d
Schematic of the DNA tile design with toeholds. Addition of the invader strands leads to the
disassembly of the filaments, whereas addition of the anti-invader strands leads to the reassembly.
e Representative confocal images of the DNA-based filaments encapsulated into droplets (i)
before, (ii) after the addition of the invader strands and (iii) after the addition of the anti-invader
strands. Upon addition of the invader strands the filaments are disassembled, leading to a
homogeneous distribution of the fluorescence signals inside the droplet. Scale bar: 20 µm. f
Histogram of the porosity ((1− Φ) · 100%, reflecting the degree of polymerization) of the DNA-
based filaments encapsulated into water-in-oil droplets (i) in the absence, (ii) in the presence of
the invader strands (10 µM) and (iii) after addition of the anti-invader strands (37.5 µM). Error
bars correspond to the standard deviation of n ≥ 5 droplets.
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(see Supplementary Fig. S8). However, 2 mM ATP are needed to reach the steady-state for93

the ATP-triggered polymerization after about 40 minutes as shown in Fig. 3b. To provide94

a direct comparison between the synthetic and natural cytoskeletons, we also track the ATP-95

triggered polymerization of rhodamine-labeled actin filaments inside individual droplets over96

time (see Supplementary Video S3). The DNA-based filaments and the actin filaments bear close97

resemblance, in terms of the dynamics of the time-resolved polymerization processes (Fig. 3b).98

More specifically, the (1− Φ) · 100% values start from 43.3 % (orange) and 40.1 % (red) for the99

DNA-based and actin systems, respectively. Both systems reach their polymerized states within100

75 min and the corresponding (1−Φ)·100% values change to 59.2 % and 59 %, respectively. The101

actin polymerization inside compartments can be reversed by adding trifluoroacetic acid (TFA,102

Fig. 3c) to the oil phase inducing actin depolymerization [21]. In parallel, for the DNA-based103

filaments each DNA tile is functionalized with two different aptamers, which can bind to nucleolin104

(NCL) and ATP targets, respectively. This enables dual-responsive DNA-based filaments, which105

can be assembled and disassembled in the presence of NCL and ATP, respectively, as depicted in106

Fig. 3d and verified by atomic force microscopy (see Supplementary Fig. S10). The confocal107

microscopy images in Fig. 3e demonstrate the assembled and disassembled state within the108

cell-sized confinement upon addition of NCL and ATP directly before encapsulation, respectively.109

Supplementary Video S4 shows the dynamics of the polymerized filaments after the addition110

of NCL. A comparison between Figs. 3c and 3e reveals similar network morphologies of the111

DNA-based and actin filaments despite the fundamentally different building blocks involved.112

Another important feature of natural cytoskeletal elements is their directional growth from one113

end. We mimic this behaviour by implementing the seeded growth of the DNA-based filaments114

using a DNA origami segment as the nucleation seed (see Supplementary Figs. S11, S12, S13,115

Supplementary Dataset 1) [22].116
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Figure 3: Comparison between DNA-based and actin filaments in cell-sized confinement. a
Schematic of polymerization of the DNA tiles containing split ATP aptamers upon addition of
ATP. b Normalized porosity ((1− Φ) · 100%, corresponding to the degree of polymerization)
in seven individual droplets (gray) and average polymerization for the DNA-based filaments
(orange) and the actin filaments (red) over time during the polymerization processes. The degree
of polymerization for the DNA-based filaments inside the droplets increases over time, until it
reaches a dynamic steady-state after 40 min. Actin filaments are polymerized with a comparable
rate, reaching a similar degree of polymerization. c Confocal microscopy images of droplets con-
taining rhodamine-labeled actin filaments (λex =561 nm) directly after encapsulation (i), 30 min
after addition of ATP (ii) and after subsequent addition of trifluoroacetic acid (TFA, iii). Actin
filaments are assembled upon ATP addition and disassembled after adding TFA. d Schematic of
the dual-responsive DNA tile containing a nucleolin (NCL)-specific aptamer to trigger assembly
and an ATP-specific aptamer to trigger disassembly of the filaments. e Confocal microscopy
images of droplets containing dual-stimuli-responsive Cy3-labeled filaments (λex =561 nm)
without NCL or ATP (i), after addition of NCL (ii) and after subsequent addition of ATP (iii).
The DNA-based filaments are assembled upon NCL addition and subsequently disassembled
after addition of ATP. Scale bars: 20 µm.
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Cargo transport along DNA filaments117

Finally, we set out to showcase guided directional cargo transport along the DNA-based fila-118

ments, taking direct inspiration from the active vesicle transport by cytoskeletal motor proteins119

along microtubules within cells [23]. As depicted in Fig. 4a, the DNA-based filaments are120

modified with RNA overhangs to serve as transport tracks. The cargo is fully decorated with121

complementary DNA, whereby the choice of the cargo is versatile. It can be organic, such122

as small unilamellar vesicles (SUVs) or inorganic, such as gold nanoparticles. SUVs are pre-123

pared from phosphatidylcholine (DOPC) lipids with a mean hydrodynamic diameter of 65124

± 16 nm as determined by dynamic light scattering (see Supplementary Fig. S14) to mimic125

transport vesicles on microtubuli [23]. They are functionalized with cholesterol-tagged DNA126

and attached to the filaments via complementary base pairing with multiple RNA-overhangs127

on the filaments. The guided directional movement of the vesicle is based on a burnt-bridge128

mechanism [24, 25, 26, 27]. Upon addition of RNase H, which selectively cleaves RNA in129

DNA-RNA hybrids, the hybridized RNA is hydrolyzed. This promotes the rolling of the vesicle130

along the filament through the hybridization of new single-stranded RNA further along the track131

with the DNA, which is abundantly coated on the vesicle. Because the DNA on the vesicle132

remains intact but the RNA track is depleted at the rear of the vesicle, this imposes a guided133

transport of the vesicle towards one end of the filament. The successful binding of SUVs to the134

DNA-based filaments is verified by the TEM images in Fig. 4b. In addition, stimulated emission135

depletion (STED) images in Fig. 4c corroborates the attachment of Atto633-labeled SUVs to136

the filaments (see also Supplementary Fig. S15). Subsequently, the SUV-DNA networks are137

encapsulated in 3D confinement in the presence of RNase H. The color-coded z-projection image138

in Fig. 4d is processed from a representative droplet and it nicely reveals the SUV-DNA filament139

networks with great depth of field in 3D confinement. To optically disseminate the transport,140

each RNA overhang is modified with a fluorophore. The fluorophores are successively cleaved141
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from the filament while the SUV rolls directionally along the track. Hence, the dissociation of142

the fluorophores from the filaments, which eventually leads to their homogeneous distribution143

inside the compartment, provides direct proof of the active SUV transport as demonstrated in144

Fig. 4e (see also Supplementary Video S5). The porosity inside the confinement of individual145

droplets is monitored over time to evaluate the transport kinetics using confocal microscopy146

(see also Supplementary Figs. S16 and S17). It is noteworthy that previously we have used147

the porosity to quantify the filament assembly by attaching the fluorophore directly to one of148

the constituent strands in a DNA tile. In the current case, the fluorophore is positioned on the149

cleavable RNA-DNA chimeric strand. Therefore, a decrease in (1 − Φ) · 100% is correlated150

with the active SUV transport rather than filament disassembly. We have released the contents151

from the droplets after cargo transport and confirmed using TEM that the DNA-based filaments152

remain intact (Supplementary Fig. S18). This proves that the decrease in (1− Φ) · 100% is due153

to cleavage of the fluorophores from intact filaments but not due to filament disassembly. The154

average transport velocity is estimated to be in the range of hundreds of nanometer per minute at155

an SUV concentration of 25 pM (see Supplementary Note S1). A control experiment without156

RNase H proves that bleaching of the fluorophores only contributes 2 % to the apparent decrease157

in (1 − Φ) · 100% (Fig. 4f, Supplementary Fig. S19a). Furthermore, we have performed an158

additional control experiment to evaluate the contributions of unspecific cutting of RNase H,159

which show negligible effects (Supplementary Fig. S19b). Importantly, the versatile transport160

mechanism is not limited to biological cargo. A similar strategy is utilized to attach inorganic161

gold nanoparticles (20 nm in diameter) as cargo to the DNA-based filaments. The nanoparticles162

are functionalized with DNA, which binds to the sequence-complementary RNA overhangs163

(see Supplementary Fig. S20) and roll along the droplet-encapsulated DNA filaments in the164

presence of RNase H (see Supplementary Fig. S21). To further corroborate the guided rolling165

mechanism, the RNA overhangs are modified with biotin-streptavidin in this case, so that the166
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progressive cleavage along the filament can be visualized and confirmed by TEM (Supplementary167

Fig. S21). If the free DNA on the cargo is deactivated by hybridization with blocking DNA168

strands (Supplementary Fig. S22a), the rolling motion will be inhibited, while hopping or gliding169

motion could still take place. Importantly, the porosity measurements inside confinement show170

no decrease in the presence of the blocking strands after the addition of RNase H, neither for171

the gold nanoparticles, nor for the SUVs (Supplementary Fig. S22b). Therefore, the transport172

takes place via cargo rolling along the DNA filaments. The cargo transport halts, if the rolling173

motion is inhibited. It is noteworthy that the quenching effects from the gold particles in principle174

would facilitate the fluorescence decrease process. However, the transport velocity of the gold175

nanoparticles (6 nM) seems to be significantly lower than that of SUVs (25 pM), when comparing176

the two systems that exhibit similar porosity change dynamics (see Fig. 4f). In agreement with177

previous work [25], we find that a denser DNA coating on the particle generally leads to faster178

motion (here 0.10 ± 0.01 strands/nm2 for gold nanoparticles vs. 0.18 ± 0.01 strands/nm2
179

for SUVs as determined by UV spectrophotometer measurements, Supplementary Figs. S23,180

S24). The rolling mechanism relies on the DNA strands on the cargo to processively search181

for new RNA overhangs on the track for binding. Moreover, lipid vesicles are fundamentally182

different from inorganic particles, because their membranes are diffusive. This likely promotes183

the hybridization of the cholesterol-anchored DNA strands on the lipid vesicles with the RNA184

overhangs on the filaments. These characteristics highlight the advantage of lipid vesicles as185

efficient cargo transport carriers in synthetic cells. Crucially, the overall cargo transport rate186

can be tuned by a set of experimental parameters, such as the concentration of RNase H (see187

Supplementary Fig. S25) as well as the concentration ratio between cargo and filaments. More188

specifically, the decay constant increases from negligible decay for 2.5 pM SUVs to 0.017±189

0.001 min−1 for 25 pM SUVs and to 0.028± 0.001 min−1 for 250 pM SUVs (Supplementary190

Fig. S25). This indicates that a higher concentration of SUVs leads to a faster decrease in191
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network fluorescence (Fig. 4g). Different from previous reports, in which DNA origami or192

inorganic particles rolled on a surface [24, 25, 26, 27], the cargo transport in our case is guided193

along a linear filament track within 3D confinement. A key challenge is that SUVs tend to194

fuse with surfaces, especially in the presence of Mg2+, which is often required to stabilize195

DNA nanostructures. Here, droplet encapsulation provides an elegant solution. Because lipid196

vesicles are not only hollow containers but also the typical cargo carried by motor proteins197

for intracellular transport in living cells, their integration into DNA-based systems outlines an198

exciting route with rich opportunities in pursuit of synthetic cells from the bottom-up.199
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Figure 4: Directional cargo transport guided along DNA-based filament. a Schematic of cargo
translocation by rolling along the DNA-based filament powered by RNase H-mediated hydrolysis.
b TEM images of the SUVs attached to the DNA-based filaments via cholesterol-tagged DNA.
Scale bars: 500 nm and 200 nm (inset). c STED images of the DNA-SUV networks. Scale bars:
5 µm and 2 µm (inset). d Color-coded z-projection of a DNA filament network in the presence of
SUVs encapsulated into cell-sized confinement. Scale bar: 20 µm. e Representative confocal
time series of the DNA-based filaments within a water-in-oil droplet from t = 0 min to 105 min
in time intervals of 15 min. The filaments lose their fluorescence over time due to the RNase
H-mediated transport of SUVs (25 pM), while the fluorophores are successively cleaved along
the DNA-based filaments. (Continued on the following page)
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Figure 4: f Porosity ((1− Φ) · 100%) corresponding to the SUV transport in droplets over time
without RNase H (gray), with gold nanoparticles (6 nM, black) and SUVs (25 pM, green). g
Porosity ((1− Φ) · 100%) corresponding to the SUV transport in droplets over time at different
SUV concentrations. The more SUVs are bound to the DNA filaments, the faster they lose their
fluorescence, as more SUVs are transported along them. Error bars correspond to the standard
deviation of n = 5-18 droplets.

Discussion200

Living cells possess a remarkable integral organization featuring transport and communication201

among distant components within a cell. In recent years, structurally similar replica of some of202

these natural architectures have been constructed de novo from DNA. While mere geometry is203

relatively straightforward to emulate thanks to the rapid advances in DNA nanotechnology, the204

realization of functional, and particularly multi-functional mimics remains an exciting challenge205

towards the bottom-up construction of synthetic cells. Our study has outlined DNA-based206

cytoskeleton mimics and their operation in cell-sized confinement. Such filaments can undergo207

dynamic assembly and disassembly driven by biologically relevant molecules, such as ATP or208

engineerable synthetic triggers, including DNA fuel strands or aptamer-target interactions. After209

encapsulation, the sequential addition of molecules could be achieved by using microfluidic210

picoinjection [28], fusion [29] or light-triggered release of caged compounds [30, 31]. The211

filaments further support directional cargo transport along the filamentous tracks. As cargo we212

have chosen inorganic gold nanoparticles and lipid vesicles inspired by the vast technological213

possibilities on one hand and by the biological counterpart on the other hand. Our DNA-based214

cargo transport takes place guided along a track, traveling several tens of micrometers within tens215

of minutes. Concomitantly, the transport rate of vesicles on microtubules in living cells is still216

much faster [32]. Our work thus stimulates ambition for future research, in which DNA-based217

systems could approach or even surpass the capabilities of nature. It will be of particular interest218

to engineer dynamic instability and filament polarity towards active force-generating DNA219
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filaments. On the route, we may engineer synthetic cells at the interface between technology and220

biology for applications in biomedicine, robotic drug delivery, nanomachinery, artificial cellular221

signaling and communication and beyond.222

Methods223

DNA tile design and assembly224

The tile design and sequences in this study were adopted from Rothemund et al. with minor225

revisions [15]. DNA tiles for all the presented systems were prepared as follows: Each DNA226

tile strand was mixed at a final concentration of 5 µM in a Tris-EDTA (TE)/Mg2+ (10 mM Tris,227

1 mM EDTA, 12 mM MgCl2, 5 mM NaCl, pH 8) buffer. A 100 µL solution was annealed using228

a thermocycler (Eppendorf AG) by heating the solution to 90 °C, and cooling it to 25 °C at229

a constant rate of 0.18 °C/min for a 6 h period. For the assembly of gold nanoparticles and230

filaments, 10 nM gold nanoparticles were mixed with 5 µM DNA filaments at room temperature231

and incubated overnight. All DNA strands were purchased from Sigma Aldrich and RNA-DNA232

conjugate strands from Integrated DNA Technologies. The DNA sequences for all DNA-based233

filament designs can be found in the Supplementary Dataset 1.234

Transmission electron microscopy235

For TEM imaging of the DNA-based filaments, 10 µL of 100 nM DNA tiles were deposited on236

freshly glow-discharged carbon/formvar TEM grids. Before depositing the DNA tile solution,237

the grids were treated by negative glow discharge for 1 min. After 10 min of deposition, TEM238

grids were treated with a uranyl formate solution (2 %) for 15 s.239

Atomic force microscopy240

20 µL of 100 nM DNA-based filaments were deposited onto freshly cleaved mica (Ted Pella,241

Inc.) and left to adsorb for 20 min. 100 µL buffer (1×TE/Mg2+) was added on top of the sample242
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and the sample was imaged in fluid tapping mode using an AFM (Molecular Imaging, Bruker243

Technologies) with ScanAsyst In Fluid+ (Veeco Probes, Inc.).244

Confocal fluorescence microscopy245

A confocal laser scanning microscope LSM 880 or LSM 900 (Carl Zeiss AG) was used for246

confocal microscopy imaging. The pinhole aperture was set to one Airy Unit and the experiments247

were performed at room temperature. The images were acquired using a 20× (Plan-Apochromat248

20×/0.8 Air M27, Carl Zeiss AG) or 63× objective (Plan-Apochromat 63×/1.4 Oil DIC M27).249

Images were analyzed and processed with ImageJ (NIH, brightness and contrast adjusted).250

Formation of surfactant-stabilized droplets251

As previously described [33], microfluidic PDMS-based (Sylgard 184, Dow Corning) devices252

for the formation of water-in-oil droplets were produced and assembled. The device layout of a253

single inlet device as used for encapsulation of the DNA filaments is shown in Supplementary254

Information Fig. S6. For the oil-phase, 1.4 vol% of Perflouro-polyether-polyethylene glycol255

(PFPE-PEG) block-copolymer fluorosurfactants (PEG-based fluorosurfactant, Ran Biotechnolo-256

gies, Inc.) dissolved in HFE-7500 oil (DuPont) was used. The aqueous phase contained the257

encapsulated content and was varied as described in the corresponding sections. The fluid258

pressures were controlled by an Elveflow microfluidic flow control system. The fluids were259

injected into the channels via PTFE-tubing (0.4 × 0.9 mm, Bola). To observe the production260

process, an Axio Vert.A1 (Carl Zeiss AG) inverse microscope was used. As an alternative to the261

microfluidic formation of droplets, the aqueous phase was layered on top of the oil phase within262

a microtube (Eppendorf) and droplet formation was induced by manual shaking as described263

earlier [34].264
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Polymerization of the ATP-sensitive DNA tiles265

DNA tiles were stored in Tris-Acetate-EDTA (TAE, 40 mM Tris, 20 mM acetic acid, 1 mM266

EDTA) at pH 8 containing 20 mM MgCl2. For an instant polymerization into filaments, 500 nM267

DNA tiles were mixed with 10 mM adenosine triphosphate (ATP) and encapsulated via microflu-268

idics into surfactant-stabilized droplets. In order to visualize the polymerization process, 1 µM269

DNA tiles were mixed with 2 mM ATP and immediately encapsulated into droplets via the270

shaking approach. The reduced DNA to ATP ratio resulted in slower polymerization kinetics.271

The droplets were imaged directly after the encapsulation to monitor the process of filament272

formation over time inside individual droplets.273

Assembly and disassembly of the DNA tiles via aptamer-target interactions or strand dis-274

placement reactions275

For the aptamer-specific assembly, 500 nM DNA tiles were mixed with 1.5 µM nucleolin (Sigma-276

Aldrich, St. Louis, MO, catalog no. N2662) in 1× TAE buffer containing 20 mM MgCl2. For the277

subsequent disassembly of the DNA filaments, 10 mM ATP was added to the solution. In the278

case of the strand displacement-mediated (de-)polymerization, 500 nM DNA tiles were mixed279

with and 10 µM invader strands and encapsulated into droplets immediately afterwards, which280

induced the disassembly of the DNA filaments. By addition of 37.5 µM anti-invader strands281

directly before encapsulation, the filaments were reassembled.282

Actin encapsulation283

Actin (purified from acetone powder from New Zealand white rabbit skeletal muscle, based on the284

method of Pardee and Spudich [35], modified after Kron et al. [36]) was stored in the so-called285

GAB buffer containing 2 mM Tris/HCl, pH 8, 0.2 mM CaCl2, 0.2 mM ATP, 0.005 % NaN3 and286

0.2 mM DTT, at -80 °C. The actin monomers were labeled with methanol-dissolved rhodamine-287

phalloidin (Biotium) by mixing 20 µL actin with 20 µL with 3.3 µL 10× Actin Polymerisation288
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Buffer (20 mM Tris-HCl, pH8, 500 mM KCl, 20 mM MgCl2, 10 mM NaATP). Subsequently,289

13 µL of rhodamine-phalloidin (13 units) were added to the solution, which was immediately290

encapsulated into droplets and imaged during polymerization.291

Analysis of the degree of polymerization292

To analyze the degree of polymerization for DNA-based and actin filaments, images were293

thresholded using Otsu’s method. For each droplet a circular area in the droplet center of294

133 µm2 was chosen and the relative amount of fluorescent pixels was analyzed using the295

image analysis tool in ImageJ. The degree of polymerization was defined via the porosity Φ as296

(1−Φ) · 100% = (1−Aempty/Atotal) · 100% = Afilament/Atotal · 100%. Here, Aempty is the void297

area, Atotal is the total area, and Afilament is the area that is occupied by the DNA filaments. It298

corresponded to the degree of polymerization of the DNA tiles inside the droplets.299

Preparation of the DNA origami seeds300

The seed consisted of a layer of 12 helices modified with staples that connect the 1st and 12th301

helix to form a hollow cylinder. The designed nanotube seed consisted of a single-stranded302

M13mp18 scaffold (tilibit nanosystems), 72 short staple strands, 6 capture strands and 24 adapter303

strands (for DNA sequences, see Supplementary Dataset 1, for the strand routing diagram see304

Supplementary Fig. S11). The mixture was annealed in a ratio of 1:10:10:10 for scaffold, capture305

strands, adapter strands, and staple strands, respectively. All samples were assembled in TAE306

buffer (40 mM Tris-Acetate, 1 mM EDTA) with 12.5 mM MgCl2 by slowly cooling it from307

90 ◦C to 25 ◦C for a 3 h period. The product was then purified by spin filtration with a 100 kDa308

molecular weight cutoff filter (Amicon, Millipore) to remove the extra staple strands, adapter309

strands and capture strands.310
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Functionalization of the gold nanoparticles with DNA311

TCEP (200 mM, 1 hour) was used to reduce thiol-modified oligonucleotides (5’-GAC ACT AAC312

TAA TGA TTT-Thiol-3’ from IDT, HPLC purified) in water. Thiol-modified oligonucleotides313

and gold nanoparticles (20 nm diameter, Sigma Aldrich) were then incubated at a molar ratio of314

DNA to particles of 2000:1 in a 0.5× TBE buffer solution for 20 hours at room temperature. The315

concentration of NaCl was slowly increased to 500 mM to increase the thiolated DNA density on316

the particles. The particle-DNA conjugates were then washed using a 0.5× TBE buffer solution317

in 100-kDa (MWCO) centrifuge filters to remove the free oligonucleotides. The concentration318

of the gold nanoparticle was measured at 520 nm (extinction coefficient = 9.21 · 108 M−1 cm−1)319

using a spectrophotometer (Eppendorf AG).320

Quantification of the DNA density on gold nanoparticles321

The density of the DNA strands on gold nanoparticle (also see Supplementary Fig. S23) was322

quantified by releasing the DNA from the gold nanoparticles and measuring the released DNA323

concentration using Ultraviolet-visible (UV-Vis) spectroscopy (Eppendorf AG) according to a324

protocol adapted from Baldock and Hutchinson [37]. Specifically, 0.5 mL 6 nM DNA-modified325

gold nanoparticles with 1× TBE buffer were prepared. Its concentration was measured by UV-Vis326

spectroscopy at the absorbance maximum of 520 nm, extinction coefficient εAuNP = 9.21 · 108
327

M−1 cm−1. The DNA on the particles was released by adding 20 µL of a 1 M DTT solution. The328

mixture was incubated with DTT for 2 h to ensure complete dissolution and then centrifuged329

at a speed of 8500 rcf for 30 min. The supernatant was carefully collected and then measured330

using UV-Vis spectroscopy (at the absorbance maximum of 260 nm, extinction coefficient331

εDNA = 180400 M−1 cm−1) to calculate the concentration of DNA released from the particles.332

The amount of DNA on the gold nanoparticles was calculated using (A260/εDNA)/(A520/εAuNP).333

A260 and A520 were the absorbance values at 260 nm and 520 nm, respectively. The obtained334
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result was divided by the surface area of the 20 nm gold nanoparticle to yield the DNA density335

per gold nanoparticle, which gave rise to 0.10±0.01 DNA strands per nm2.336

Attachment of gold nanoparticles on the DNA origami seeds337

Purified DNA origami seeds were mixed with DNA-functionalized gold nanoparticles in a ratio338

of 1:5 and then annealed from 35 ◦C to 25 ◦C for 12 hours. The annealed product of the seeds339

with gold nanoparticles were purified by agarose gel electrophoresis (running buffer: 0.5×TBE340

with 11 mM MgCl2; voltage: 15 V/cm; running time: 1 h). Selected bands were cut out and the341

seed with gold nanoparticles were extracted from the gel in Freeze-Squeeze columns (Bio-Rad)342

at 4 ◦C. The gold-nanoparticle-labelled seeds were then imaged with TEM (see Supplementary343

Fig. S12).344

Seeded growth of the DNA-based filaments345

Purified DNA origami seeds and gold nanoparticles were mixed with two different tiles (see346

Supplementary Dataset 1) in a ratio of 1:1000:1000 and were then incubated at 32 ◦C for 12 h.347

After incubation, the seeded filaments were imaged with TEM or encapsulated into water-in-oil348

droplets (see Supplementary Fig. S13).349

STED imaging350

DNA filaments and SUVs were imaged on an Abberior expert line (Abberior Instruments GmbH,351

Germany) with a pulsed STED line at 775 nm using excitation lasers at 560 nm and 640 nm352

and spectral detection. Detection windows were set to 650–725 nm and 580-630 nm to detect353

Atto633-labeled SUVs and Cy3-labeled DNA filaments, respectively. Images were acquired with354

a 100×/1.4 NA magnification oil immersion lens (Olympus). The pixel size was set to 30 nm355

and the pinhole was set to 1AU. Atto633 and Cy3 were imaged semi-simultaneously during a356

first acquisition with STED at 775 nm. Images were analyzed and processed with ImageJ (NIH,357
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brightness and contrast adjusted).358

SUV extrusion359

Small unilamellar vesicles (SUVs) composed of 99 % 18:1 DOPC (1,2-dioleoyl-sn-glycero-3-360

phosphocholine) and 1 % Atto633-DOPE (Atto633 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamin)361

were formed by mixing the lipids dissolved in CHCl3 in a glass vial and subsequent solvent362

evaporation under a stream of nitrogen gas. The glass vial was then placed under a vacuum363

for 30 min to remove residual traces of solvent. Afterwards, the lipids were resuspended in364

phosphate buffered saline pH 7.4 (PBS, Thermo Fisher) at a final concentration of 1 mM lipids.365

The solution was vortexed for 10 min to trigger liposome formation. SUVs were then formed by366

extruding the liposome solution thirteen times through a polycarbonate filter with a pore size of367

50 nm (Avanti Polar Lipids, Inc.). The SUVs were stored at 4 °C until use.368

Quantification of the DNA density on SUVs369

To quantify the DNA density on SUVs (Supplementary Fig. S24), we first measured the370

amount of lipids after SUV extrusion. The fluorescence intensity of the lipid mixture (99%371

DOPC, 1% Atto633-DOPE) was determined before and after extrusion with a microplate372

reader (Spark, Tecan). This revealed that 9.07% of the lipids are lost during the extrusion373

process (mean and standard deviation from n=4 independent measurements). Subsequently, the374

incorporation efficiency of single-stranded cholesterol-tagged DNA into SUVs was determined.375

For this, the concentration of DNA was quantified from UV-Vis absorbance measurements376

with a spectrophotometer (Nanophotometer, Implen). A reference measurement was taken377

before addition of the DNA to SUVs. Afterwards, the cholesterol-tagged DNA was incubated378

in excess with SUVs for 10 min, then the SUVs were centrifuged at 100000 g for 1 h (Optima379

Ultracentrifuge, Beckman Coulter). The supernatant was extracted carefully and the DNA380

concentration in the supernatant was measured with UV-vis spectroscopy. It corresponds to381
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the unbound fraction of DNA and yielded that 27.8±2.2% of 2µM cholesterol-tagged DNA382

binds to SUVs (10µM lipids before extrusion). Taken together, this leads to a DNA density of383

0.18±0.01 DNA strands per nm2.384

SUV transport385

For the transport experiments SUVs were incubated for 2 min with cholesterol-tagged DNA386

(5’-GAC ACT AAC TAA TGA TTT-Chol-3’) in a lipid to DNA ratio of 2.5:1. In the meantime,387

DNA filaments (final concentration: 250 nM) were mixed with 1× RNase H reaction buffer388

(50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, pH 8.3) and incubated for 2 min.389

Subsequently, DNA filaments and SUVs were mixed with 5 mM MgCl2. Finally, 0.25 units/µL390

of RNase H (final concentration, 50 mM KCl, 10 mM Tris-HCl, 0.1 mM EDTA, 1 mM DTT,391

200 µg/ml BSA, 50 % glycerol, pH 7.4, NEB) were added. Water-in-oil droplets were formed392

using the shaking method, put into an observation chamber and immediately observed using393

confocal microscopy for 2-6 h.394

Analysis of the SUV transport along the DNA filaments395

To analyze the vesicle transport along the DNA filaments, images were thresholded using Otsu’s396

method. For each droplet, a circular area in the droplet center of 900 µm2 was chosen and the397

relative amount of fluorescing pixels was analyzed. By analyzing the porosity, a direct measure398

of the amount of SUV transport within the droplets was obtained.399

Gold nanoparticle transport400

DNA tile strands and biotin RNA substrate were mixed and assembled at a final concentration of401

1 µM. Then 1 µM streptavidin was mixed with the filaments and incubated at 4 °C for 4 hours.402

After that, 10 nM gold particles with a diameter of 20 nm were added to the mixed solution and403

incubated overnight at room temperature. For the transport, filaments were mixed with 1× RNase404
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H reaction buffer first, then 0.1 units of RNase H were added. After 2 hours, 10 µL reaction405

solution was taken for TEM imaging.406

Data availability407

All the data reported in this paper are available from the corresponding authors upon request.408
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[10] Göpfrich, K., Urban, M. J., Frey, C., Platzman, I. & Spatz, J. P. Dynamic Actuation of447

DNA-Assembled Plasmonic Nanostructures in Microfluidic Cell-Sized Compartments.448

Nano Letters 20, 1571–1577 (2020).449

[11] Gu, H., Chao, J., Xiao, S.-J. & Seeman, N. C. A proximity-based programmable DNA450

nanoscale assembly line. Nature 465, 202–205 (2010).451

[12] Green, L., Amodio, A., Subramanian, H. K. K., Ricci, F. & Franco, E. pH-driven reversible452

self-assembly of micron-scale DNA scaffolds. Nano Letters 17, 7283–7288 (2017).453

[13] Green, L. N. et al. Autonomous dynamic control of DNA nanostructure self-assembly.454

Nature Chemistry 11, 510–520 (2019).455

[14] Del Grosso, E., Prins, L. J. & Ricci, F. Transient dna-based nanostructures controlled by456

redox inputs. Angewandte Chemie International Edition 59, 13238–13245 (2020).457

[15] Rothemund, P. W. K. et al. Design and characterization of programmable DNA nanotubes.458

Journal of the American Chemical Society 126, 16344–16352 (2004).459

[16] Yurke, B., Turberfield, A. J., Mills, A. P., Simmel, F. C. & Neumann, J. L. A DNA-fuelled460

molecular machine made of DNA. Nature 406, 605–608 (2000).461

[17] Lin, C., Liu, Y., Rinker, S. & Yan, H. DNA tile based self-assembly: Building complex462

nanoarchitectures. ChemPhysChem 7, 1641–1647 (2006).463

[18] Zhang, D. Y. & Winfree, E. Control of dna strand displacement kinetics using toehold464

exchange. Journal of the American Chemical Society 131, 17303–17314 (2009). PMID:465

19894722.466

[19] Huizenga, D. E. & Szostak, J. W. A DNA aptamer that binds adenosine and ATP. Biochem-467

istry 34, 656–665 (1995).468

26



[20] Debiais, M., Lelievre, A., Smietana, M. & Müller, S. Splitting aptamers and nucleic469

acid enzymes for the development of advanced biosensors. Nucleic Acids Research 48,470

3400–3422 (2020).471

[21] Brieher, W. Mechanisms of actin disassembly. Molecular Biology of the Cell 24, 2299–2302472

(2013).473

[22] Schaffter, S. W. et al. Reconfiguring dna nanotube architectures via selective regulation of474

terminating structures. ACS Nano 14, 13451–13462 (2020). PMID: 33048538.475

[23] Verdeny-Vilanova, I. et al. 3d motion of vesicles along microtubules helps them to476

circumvent obstacles in cells. Journal of Cell Science 130, 1904–1916 (2017).477

[24] Bazrafshan, A. et al. DNA Gold Nanoparticle Motors Demonstrate Processive Motion with478

Bursts of Speed Up to 50 nm Per Second. ACS Nano (2021).479

[25] Du, Y., Pan, J., Qiu, H., Mao, C. & Choi, J. H. Mechanistic Understanding of Surface480

Migration Dynamics with DNA Walkers. Journal of Physical Chemistry B 125, 507–517481

(2021).482

[26] Bazrafshan, A. et al. Tunable dna origami motors translocate ballistically over µm distances483

at nm/s speeds. Angewandte Chemie International Edition 59, 9514–9521 (2020).484

[27] Yehl, K. et al. High-speed DNA-based rolling motors powered by RNase h. Nature485

Nanotechnology 11, 184–190 (2015).486

[28] Weiss, M. et al. Sequential bottom-up assembly of mechanically stabilized synthetic cells487

by microfluidics. Nature Materials 17, 89–98 (2018).488

[29] Link, D. R. et al. Electric control of droplets in microfluidic devices. Angewandte Chemie -489

International Edition 45, 2556–2560 (2006).490

27



[30] Dreher, Y., Jahnke, K., Bobkova, E., Spatz, J. P. & Kerstin, G. Controlled division and491

regrowth of phase-separated giant unilamellar vesicles. Angewandte Chemie International492

Edition 133, 10756–10764 (2020).493

[31] Jahnke, K. et al. Engineering Light-Responsive Contractile Actomyosin Networks with494

DNA Nanotechnology. Advanced Biosystems 4, 2000102 (2020).495

[32] Lodish, H. Molecular Cell Biology. 4th edition. Section 19.3, Kinesin, Dynein, and496

Intracellular Transport. (New York: W. H. Freeman, 2000).497

[33] Jahnke, K. et al. Programmable functionalization of surfactant-stabilized microfluidic498

droplets via DNA-tags. Advanced Functional Materials 29, 1808647 (2019).499
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Rational engineering of cytoskeletons for synthetic cells

3.10 Publication 7: Bottom-up assembly of syn-

thetic cells with a DNA cytoskeleton

In the next work, we transfer our DNA cytoskeletons from surfactant-stabilized
water-in-oil droplets to water-in-water system of membrane-enclosed GUVs. This
is not only important because water-in-water systems are physiologically more rele-
vant but it for example also allows us to deform the GUVs due to their lower surface
tension.
After achieving the encapsulation of DNA filaments into GUVs, we set out to en-
gineer a non-invasive mechanism for the DNA filaments’ reversible assembly using
light. Therefore, we incorporate the light-sensitive molecule azobenzene into the
DNA tile overhangs, which can isomerize between a trans- and a cis-state. The
trans-cis isomerization can be triggered using UV light. After UV-illumination, the
azobenzene relaxes back into its trans-state due to thermal energy. The important
thing is that azobenzene in the trans-state favours duplex formation i.e. DNA fila-
ment assembly, whereas cis-azobenze decreases the binding strength by blocking a
base. We verify the reversible assembly of DNA filaments inside GUVs by perform-
ing up to 5 assembly-disassembly cycles.
Subsequently, we imitate the filament bundling within natural cells with our DNA
filaments by making use of molecular crowders. These big molecules lead to the con-
densation of DNA filaments into hundreds of filaments-containing bundles according
to the entropic depletion effect. These DNA bundles are not only thicker but also
longer and have a higher persistence length than single DNA filaments. The increase
in the filament persistence length leads to the formation of ring-like DNA bundles
that form within the confinement of a GUV. Finally, we engineer DNA cortices by
linking the DNA filaments to the GUV membrane using cholesterol-tagged DNA
membrane anchors. We find that the amount of cholesterol-tagged DNA present
within the GUVs allows us to fine-tune the amount of DNA filaments at the GUV
membrane and therefore the degree of cortex formation. By further deflating the
GUVs i.e. decreasing the surface-to-volume ratio of the GUVs, we achieve the de-
formation of GUVs and their suppression of membrane fluctuations.
All in all, in this work we have expanded the use of DNA cytoskeletons to GUV-
based systems and engineered their reversible assembly using light, their bundling
and the deformation of GUVs.
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Abstract

Cytoskeletal elements, like actin and myosin, have been reconstituted inside lipid vesicles

towards the vision to reconstruct cells from the bottom up. Here, we realize the de novo

assembly of entirely artificial DNA-based cytoskeletons with programmed multifunctionality

inside synthetic cells. Giant unilamellar lipid vesicles (GUVs) serve as cell-like compartments,

in which the DNA cytoskeletons are repeatedly and reversibly assembled and disassembled

with light using the cis-trans-isomerization of an azobenzene moiety positioned in the DNA
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tiles. Importantly, we induced ordered bundling of hundreds of DNA filaments into more rigid

structures with molecular crowders. We quantify and tune the persistence length of the bundled

filaments to achieve the formation of ring-like cortical structures inside GUVs, resembling

actin rings that form during cell division. Additionally, we show that DNA filaments can be

programmably linked to the compartment periphery using cholesterol-tagged DNA as a linker.

The linker concentration determines the degree of cortex formation and we demonstrate that the

DNA cortex can deform GUVs from within. All in all, this demonstrates the potential of DNA

nanotechnology to mimic the diverse functions of a cytoskeleton in synthetic cells.

Keywords: DNA nanotechnology, giant unilamellar vesicles, azobenzene, DNA nanotube, syn-

thetic cell, bottom-up synthetic biology

Growth and development, organization, adaptation, stimuli response or reproduction – many of

the features that characterize living cells are dependent on their active cytoskeletons. Engineering

multifunctional cytoskeletons for synthetic cells thus brings us closer towards the audacious vision

of engineering life from the bottom up. The reconstitution of natural cytoskeletal filaments, like

actin or microtubules, inside cell-sized lipid vesicles shed light on the minimal set of proteins

needed for the formation of biologically relevant structures, such as actin rings1,2 or membrane

protrusions.3–5 Concomitantly, the combination of these minimal functional units proved to be

challenging because the functionality of one element is often compromised by the addition of

others. This hints that a true engineering approach to synthetic biology may benefit from customized

materials to not only mimic but ultimately exceed the functionality of natural cytoskeletons.

Here, DNA nanotechnology allows to precisely and programmably design nanoscale objects that

self-assemble into predefined architectures, including transmembrane channels,6–9 motors,10–12

scaffolds13,14 and, in particular, DNA filaments.15–18 Despite their obvious relevance for bottom-up

synthetic biology, most of these components have not yet been reconstituted inside of lipid vesicles.

This is in particular desirable in the case of DNA filaments, since features like the formation of

ring-like structures or protrusions require confinement. While the encapsulation of DNA scaffolds
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into lipid vesicles to provide passive mechanical support has been achieved,13 it is now crucial to

engineer multiple DNA-based dynamic functions inside GUVs. Towards this aim, DNA filaments

as more versatile cytoskeleton mimics, have only very recently been encapsulated into water-in-oil

droplets.19 However, the high surface tension compared to lipid vesicles and the lack of a surround-

ing aqueous environment prevents the implementation of downstream functions.

Here, we realize a programmable and multifunctional DNA cytoskeleton composed of DNA fila-

ments. The DNA filaments can be engineered to self-assemble reversibly upon a light-stimulus

inside giant unilamellar lipid vesicles (GUVs). Moreover, DNA filaments can bundled using molec-

ular crowders and their persistence length tuned via the choice of crowder. Finally, they can be

engineered to form ring-like architectures and membrane protrusions in confinement.

Results & Discussion

Assembly and Encapsulation of DNA Cytoskeletons into GUVs

First, we set out to reconstitute DNA cytoskeletons inside GUVs (Fig. 1a). The DNA cytoskeleton

is assembled from individual DNA tiles composed of five single-stranded DNA oligomers that

self-assemble into hollow filamentous DNA nanotubes.15 To realize versatile functions inside GUVs,

we use three different sets of DNA tiles for the filament formation: The single-tile DNA filaments

(st) consist of only one type of DNA tile with sequence-complementary five nucleotide long sticky

overhangs on its ends. The two-tile design uses two orthogonal tiles (tt), which can only polymerize

into filaments once they are combined. Here, the sticky overhang of Tile A is designed to bind to

Tile B but not to itself. Alternatively, the st DNA tiles are modified with light-sensitive azobenzene

moieties at the sticky overhangs of the single tile (st-azo). We verify the assembly of all three

types of tiles into DNA filaments with cryo electron microscopy (Fig. 1b, Supporting Fig. 1)

revealing a diameter of 14.5 ± 1.8 nm consistent with the formation of a 12-14 helix bundle for

all tile designs (Supporting Fig. 2). Furthermore, we analyze the filament length with confocal
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microscopy revealing that st and tt DNA filaments do not differ significantly in their mean length

of 6.8 ± 4.3 µm and 6.4 ± 3.6 µm, respectively (Fig. 1c). On the other hand, st-azo filaments

are shorter with a mean length of 4.7 ± 2.3 µm likely due to the addition of azobenzene into the

sticky overhangs. Importantly, micrometer-long filaments are successfully formed from all three

types of tiles. It is notable that st DNA filaments assemble inside GUVs at high yield (Fig. 1d).

This is achieved by first encapsulating the DNA tiles together with small unilamellar lipid vesicles

(SUVs, consisting of 69% DOPC, 30% DOPG, 1% Atto488-DOPE) inside surfactant-stabilized

water-in-oil droplets. In presence of negatively charged surfactants and divalent ions, the SUVs fuse

at the droplet periphery to form a spherical supported lipid bilayer at the water-oil interface.20–22

By breaking up the water-in-oil emulsion with a destabilizing surfactant, we are able to release

free-standing DNA-tile-containing GUVs into the aqueous phase (Supporting Fig. 3). Importantly,

the DNA filaments assemble in confinement. They only form after the release into the aqueous

phase due to DNA filament disassembly in presence of negatively charged surfactants in the oil

phase (Supporting Fig. 4). After the GUV release and DNA filament assembly, st DNA filaments

are homogeneously distributed and dynamic in the lumen of GUVs (Supporting Movie 1). We find

that both st and tt tiles form filaments inside GUVs, however, the assembly kinetics are slower

for the tt tiles (Fig. 1e, see Supporting Fig. 5 for more examples). By quantifying the assembly

processes inside GUVs for st and tt DNA filaments we observe that st DNA filament assembly takes

about 30 min and is at least two-fold faster than tt filament assembly (Supporting Fig. 6). After

longer periods of time (20 h), the tt filaments cluster likely due to the presence of Mg2+. In the st

design this was prevented by adding a single-stranded DNA overhang to every tile.

Light-Triggered Reversible Assembly of DNA Cytoskeletons

An important feature of cellular cytoskeletons is the possibility to reversibly assemble inside cells in

a stimuli-responsive manner. Here, we exploit the technological advantage of DNA nanotechnology

to gain full spatio-temporal control over the assembly and disassembly of the DNA filaments
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inside GUVs. For this purpose, we place a photoswitchable azobenzene moiety internally in the

sticky overhangs of the st design. In its trans form, azobenzene can intercalate into DNA and

induce base stacking interactions that stabilize the DNA duplex (Fig. 1f).23 However, in its cis

form azobzenze blocks the hydrogen bonds of its neighboring base. We position the azobenzene

moiety two bases before the end of the five nucleotide long sticky overhang, such that the trans-cis

isomerization should render the connection between the tiles instable and hence induce filament

disassembly. Importantly, filament disassembly can be triggered locally with UV-illumination. Over

time, azobenzene relaxes back into the energetically favourable trans form, which, in turn, allows

the filaments composed of the st-azo tiles to reassemble.

We encapsulate the st-azo tiles into GUVs and follow the assembly and dissassembly process

inside individual GUVs with confocal microscopy. The trans-to-cis isomerization and thereby

filament disassembly was induced with 15 s of illumination with a UV-lamp integrated into the

confocal microscope (Fig. 1g, Supporting Fig. 7). We quantify the reversibility by analyzing

the normalized porosity of the DNA filament fluorescence, which serves as a measure for the

degree of polymerization. Note that the porosity drops within seconds from 100 % to 18.2 % after

UV illumination. Over the course of 30 min, the azobenzene relaxes back into its trans-isomer

leading to filament re-assembly inside the same GUV at a comparable rate to the tt filaments

(Supporting Fig. 6). The initial porosity is nearly restored (96.0 %, Supporting Fig. 8). The full

disassembly-assembly cycle can be repeated reproducibly for five times with only little fatigue

likely due to azobenzene molecules trapped in the cis form in combination with photobleaching

and possibly UV-damage (for additional examples see Supporting Fig. 9). Note that due to the

short illumination times of seconds, UV damage is expected to be minimal even after repeated

cycles.24 We verify that standard st DNA filaments without azobenzene do not disassemble after

UV illumination (Supporting Fig. 10).

In summary, we have shown that DNA filaments can be reconstituted into GUVs and that DNA

nanotechnology allows for the implementation of the highly dynamic assembly and disassembly

with full spatiotemporal control inside the confinement of a synthetic cell.
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Bundling of DNA Filaments

Inspired by cytoskeletal cortex formation which modulates cell morphology and stiffness, we

engineer DNA filament cortices on the inner GUV membrane to modulate the stiffness and the

morphology of the GUVs. Cortex formation can, in principle, be achieved by physical or chemical

means, namely by increasing the filament’s persistence length above the diameter of the compartment

or by introducing chemical interactions with the lipid membrane. For example, actin filaments are

bundled during cell division, which increases their persistence length and thus supports the formation

of actin rings.25 We achieve bundling of DNA filaments based on the depletion effect by addition

of molecular crowders (20 mg/ml, Fig. 2a). We find that the addition of macromolecular dextran

(Supporting Fig. 11), methylcellulose (MC, Supporting Fig. 12) as well as polyethyleneglycol

(Supporting Movie 2) completely changes the appearance of the DNA filaments. They bundle into

tens of micrometer long filamentous materials, whereby the length depends on the chemical nature

of the crowder as well as on its molecular weight (Fig. 2b). Filaments bundled with methylcellulose

(MC) are significantly longer than dextran-bundeled filaments at the same molecular weight of

the crowder (500 kDa), but both bundling agents cause a remarkable increase in filament length

compared to the bare st filaments (6.8 ± 4.3 µm vs 34.6 ± 20.8 µm in presence of MC, Fig. 2c).

Importantly, we can tune the bundle length by using dextran of different molecular weights (6 kDa,

35 kDa or 500 kDa) yielding filaments with lengths of 8.1 ± 4.6 µm, 20.2 ± 10.2 µm and 25.4 ±

12.0 µm, respectively. The bundling process influences not only the length but also the persistence

of the DNA filaments: A larger molecular weight of the crowder generally lead to increased

filament length and increased persistence length with values of up to 26.8 ± 0.8 µm (Fig. 2d and

Supporting Fig. 13). This indicates that the filaments indeed form bundles, which we verify with

cryo and transmission electron microscopy. The DNA filament bundles are comprised of hundreds

of individual DNA filaments, which are aligned with a high degree of order. The bundles have an

average diameter of 418 ± 144 nm in the presence of 35 kDa dextran (Fig. 2e, Supporting Fig. 14
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Figure 1: DNA cytoskeletons can be assembled reversibly inside GUVs as lipid-bilayer enclosed
synthetic cell models. a Schematic representation of a GUV containing a DNA cytoskeleton
composed of DNA filaments. DNA cytoskeletons were assembled from a single tile (st) with sticky
overhangs, two tiles (tt) with orthogonal complementarity or single tiles modified internally with
two azobenzene moieties (st-azo). The asterisk indicates the position of a single-stranded overhang
modified with a fluorophore. b Cryo-electron micrograph of an st DNA filament. Scale bar: 50 nm.
c DNA filament length (n > 1000 filaments, mean ± SD). st and tt filaments have the same length
(p = 0.16), st-azo filaments are shorter (p ≤ 0.001). d Confocal image of an st DNA cytoskeleton
(orange, labelled with Cy3, λex = 561 nm) inside a GUV (green, 69% DOPC, 30% DOPG, 1%
Atto488-DOPE, λex = 488 nm). Scale bar: 10 µm. e Confocal images of tt cytoskeletons prior to
(0 h) and after assembly (20 h) inside a GUV. Scale bar: 10 µm. (continued on the following page)
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Figure 1: (Continued) f Schematic representation of the st overhang modified with azobenzene
(st-azo) for reversible cytoskeleton assembly with UV light. g Light-mediated reversible assembly
of 500 nM st-azo cytoskeletons inside a GUV. The porosity measures the degree of filament
polymerization over time. Timepoints of UV illumination (15 s) are indicated (blue dashed line).
Insets depict confocal images of the same GUV at the respective time points. Scale bar: 10 µm.

and 15).

Next, we reconstitute the bundled DNA filaments inside GUVs. We choose dextran as a crowd-

ing agent, since GUVs formation in the presence of MC was not successful. In particular, the fusion

process of the SUVs at the droplet periphery was inhibited, likely due to the higher viscosity of MC

(Supporting Fig. 16).26 We choose dextran with a molecular weight of 35 kDa because the resulting

persistence length of 21.7± 0.6 µm is maximal and matches the GUV diameter. After encapsulating

DNA filaments in the presence of dextran, the large persistence length and the depletion effect

cause the DNA filament bundles to localize and condense at the GUV periphery (Supporting Fig.

11, Supporting Movie 3). Moreover, for GUVs with a diameter below 15 µm, i.e. smaller than the

persistence length of the DNA bundle (20.2 ± 10.2 µm), we achieve the reproducible formation of

ring-like structures inside the GUVs around their circumference (Fig. 2f, Supporting Fig. 17).

We have thus realized the formation of DNA filament bundles and reconstituted ring formation

based on these entirely synthetic building blocks inside GUVs.

DNA Cortex Formation within GUVs

In cells, ring formation requires bundling of filaments, while membrane deformation relies on a link

between the actin filaments and the cell’s periphery to establish cell shape or to form protrusions

during cell migration.27,28

In analogy, to establish GUV shape with a DNA-based cortex, we link the DNA cytoskeleton to the

membrane with cholesterol-tagged DNA (chol-DNA). For this purpose, one of the strands of the st

was extended with a single-stranded DNA overhang. A sequence complementary cholesterol-tagged

DNA is added to the SUVs that fused at the droplet interface during GUV formation. In this way,
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Figure 2: DNA filament bundling leads to the formation of ring-like structures within GUVs. a
Schematic representation of the bundling of DNA filaments caused by the addition of a molecular
crowder and the subsequent DNA cortex formation inside GUVs. b Confocal z-projection of st DNA
filaments (orange, labelled with Cy3, λex = 561 nm) in absence and presence of 20 mg/ml 35 kDa
dextran. Scale bar: 50 µm. c Length distribution of DNA filaments in absence of bundling agents
(st, n = 1896) and st DNA filaments in presence of 20 mg/ml 6 kDa dextran (n = 510), 35 kDa
dextran (n = 180), 500 kDa dextran (n = 129) and 500 kDa methylcellulose (MC, n = 104). All
conditions are significantly different in length (p ≤ 0.001). d Persistence length of DNA filaments
over molecular weight of the crowder (n = 11-15, mean ± SD). e Cryo-electron micrograph of
bundled st filaments in presence of 20 mg/ml dextran (MW = 35 kDa). Scale bar: 200 nm. f
Color-coded confocal z-projection of 50 nM st filaments in presence of 20 mg/ml 35 kDa dextran
inside a GUV. Scale bar: 5 µm.
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the chol-DNA localizes at the inner bilayer leaflet of the GUV and serves as an attachment point

for the filaments (Fig. 3a). To first of all verify that the membrane-bound DNA filaments are

intact on the membrane, we form a supported lipid bilayer (SLB) and functionalize it with the

chol-DNA. With confocal microscopy, we verify the successful binding of st-chol DNA filaments to

the SLB. We find that DNA filaments are diffusive and even undergo membrane-assisted growth

and occasionally breakage (Fig. 3b, Supporting Movie 4). On average, st-chol DNA filaments on

an SLB are smaller than bare st DNA filaments (l = 3.3 ± 2.7 µm vs. l = 6.8 ± 4.3 µm) likely due

to the additional electrostatic and diffusive forces acting on the filaments once they are bound to the

membrane (Fig. 3c). Similar to the case of DNA bundling, we observe the formation of a DNA

filament cortex underneath the inner GUV membrane when the DNA filaments are linked with

chol-DNA (Fig. 3d, Supporting Movie 5). Interestingly, we also observe a significantly higher yield

of GUVs (≈ 8000 GUVs/µL for st-chol and ≈ 1500 GUVs/µL for st) with our droplet-stabilized

GUV method20 indicating a mechanical stabilization of the GUVs (Supporting Fig. 18). As shown

in Fig. 3e, fluorescence recovery after photobleaching (FRAP) confirms the presence of intact DNA

filaments on the GUV membrane, which yield six-fold lower diffusion coefficients of Dfilament =

0.38 ± 0.21 µm2 s−1 compared to unpolymerized cholesterol-anchored DNA tiles (Dtile = 2.3 ±

0.8 µm2 s−1). Additionally, we confirm that lipid diffusion is only weakly affected by the presence of

the DNA cortex (Dlipid, tile = 2.9 ± 0.7 µm2 s−1 vs. Dlipid, filament = 2.4 ± 0.4 µm2 s−1, p = 0.17). By

changing the amount of cholesterol-tagged DNA at the GUV periphery, we tune the degree of DNA

cortex formation (Fig. 3f, Supporting Fig. 19). The degree of cortex formation can be quantified by

the ratio of the DNA filament intensity on the membrane Iperi over the filament intensity in the GUV

lumen Iin.29 Cortex formation is enhanced at higher concentrations of chol-DNA and saturates when

the chol-DNA is supplied at a ratio of 1:1 compared to the DNA tiles.

Ultimately, a membrane-linked DNA cortex should be capable of establishing GUV shape. For

this purpose, we use two-fold higher amounts of DNA filaments (1 µM) and deflate the GUVs to

an omsolarity ratio of cout/cin = 2. Deflation provides sufficient excess membrane area to allow

for GUV deformation. Fig. 3g depicts representative examples of the successful deformation of
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GUVs from within. The internal DNA cortex establishes the GUV shape. The GUVs often exhibit

straight segments, which likely correspond to straight DNA filaments aligning at their periphery.

It is conceivable that initially randomly ordered filaments increase their nematic order when the

available membrane area shrinks due to the deflation process. To quantify the degree of deformation,

we analyze the GUV circularity and find that deflated GUVs are significantly less spherical than

undeflated GUVs with circularities of 0.955 ± 0.013 and 0.995 ± 0.001, respectively (Fig. 3h).

GUVs also remain static in their deformed shape over time (Supporting Movie 6), again confirming

their mechanical stabilization. In contrast, deflated GUVs that contain st DNA filaments without the

chol-DNA handles exhibit apparent membrane fluctuations (Supporting Movie 7).

Previously, GUVs were deformed externally with multi-layer DNA origami structures only.29–31

But it remained unclear whether DNA filaments, or DNA tile structures in general, are sufficiently

rigid to deform membranes. Furthermore it was unclear whether deformation can be achieved

from within the GUV, where the confined volume limits the amount of DNA that is available for

membrane attachment. Hence, in addition to ring formation, we have implemented another pivotal

characteristic of cytoskeletal filaments inside synthetic cells, namely their linkage to the inner

membrane for mechanical support to stabilize non-spherical GUV shapes.

Conclusion

In summary, we have engineered programmable, versatile and functional cytoskeletons made from

DNA inside GUVs as synthetic cell models. Despite recent progress in the assembly of GUVs and

the reconstitution of natural cytoskeletal filaments, the multitude of necessary proteins to achieve

meaningful functions limits the scope of protein reconstitution for the bottom-up assembly of syn-

thetic cells. Here, we achieved a diverse set of functions based on nucleic acids as engineerable and

inherently biocompatible molecular building blocks and reconstitute them inside GUVs. Further-

more, we showed that by adapting the DNA tile design DNA filaments with a variety of customized

functions can be obtained. These include the reversible light-mediated filament assembly and
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Figure 3: Deformation of GUVs from within by a membrane-linked DNA cortex. a Schematic
illustration of the linkage of DNA filaments to the GUV membrane which cholesterol-tagged DNA. b
Confocal images of cholesterol-linked DNA filaments (st-chol, Cy3, λex = 561 nm) on a supported
lipid bilayer (SLB, green, Atto488-DOPE, λex = 488 nm). st-chol filaments diffuse and grow on the
SLB. Scale bar: 10 µm. c Length distribution of st DNA filaments on glass (n = 1896) and st-chol
DNA filaments on SLBs (n = 429). st-chol filaments are significantly shorter (p ≤ 0.001, mean ±
SD). d Confocal images of 500 nM st (left) and st-chol filaments inside GUVs. Scale bar: 5 µm.
e Diffusion coefficients of DNA filaments on SLBs determined by FRAP. Disassembled st-chol
filaments (tile) exhibit 6-fold increased diffusion speeds compared to polymerized st-chol filaments
(fil., p = 0.0007). The diffusion of the lipids of the SLB is not influenced by the polymerization
state of the DNA filaments (n = 5-7, mean ± SD).
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Figure 3: (Continued) f Fluorescence ratio Iperi/Iinner of 500 nM st-chol filaments inside GUVs
at varying chol-DNA to st ratios. g Confocal images of deformed GUVs containing 1 µM st-
chol filaments at an osmolarity ratio of cout/cin = 2. Scale bar: 5 µm. h Circularity of deflated
(cout/cin = 2) and undeflated (cout/cin = 1) GUVs containing 1 µM st-chol filaments (n = 4 and n =
7, respectively, mean ± SD, p = 0.008).

disassembly, DNA bundles with precise persistence lengths to trigger the formation of ring-like

structures and the formation of DNA cortices that can deform GUVs from within. Notably, these

are only a few examples of conceivable functions of DNA-based cytoskeletons due to the variety of

possible DNA structures. In the future, it will be especially exciting to equip DNA filaments with

molecular motors for intracellular cargo transport, force generation and contractility. Moreover, the

encapsulation of DNA filaments into GUVs sets a milestone for the reconstitution of any of the

other DNA-based components that have already been developed for synthetic cells. It should be

straight forward to use the same droplet-stabilized GUV for all of these components, which have

rarely been implemented in confinement. All in all, DNA nanotechnology proves to be a versatile

tool to build various functional modules for synthetic cells. Their inherent compatibility and the

here demonstrated possibility to reconstitute them inside GUVs raise the prospects for a synthetic

cell that consists of merely de novo synthesized parts. It will be exiting to witness if fully de novo

assembled synthetic cells may even be achieved before their counterparts consisting of biological

building blocks.

Experimental Section

DNA Tile Design and Assembly

DNA filament sequences were adapted from Rothemund et al.15 The individual DNA oligomers (5

per tile) were mixed to a final concentration of 5 µM in 10 mM Tris (pH 8), 1 mM EDTA, 12 mM

MgCl2, 5 mM NaCl. 67 to 200 µL of the solution were annealed using a thermocycler (Bio-Rad)

by heating the solution to 90 °C and cooling it to 25 °C in steps of 0.5 °C for 4.5 h. The assembled

DNA filaments were stored at 4 °C and used within a week after annealing. The DNA strands were
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either purchased from Integrated DNA Technologies or Biomers (purification: standard desalting for

unmodified DNA oligomers, HPLC for DNA oligomers with modifications). All DNA sequences

are listed in Supporting Tables S1-S3.

Confocal Fluorescence Microscopy

A confocal laser scanning microscope LSM 880 or LSM 900 (Carl Zeiss AG) was used for confocal

microscopy. The pinhole aperture was set to one Airy Unit and the experiments were performed

at room temperature. Images of DNA filaments in GUVs in Figure 1 and Video S1 were acquired

using the Airyscan mode. The images were acquired using a 20× (Plan-Apochromat 20×/0.8 Air

M27, Carl Zeiss AG) or 63× objective (Plan-Apochromat 63×/1.4 Oil DIC M27). Images were

analyzed and processed with ImageJ (NIH, brightness and contrast adjusted).

Analysis of DNA Filament Length

Annealed DNA filaments were diluted in 1x phosphate-buffered saline (PBS, Thermo Fisher) and

10 mM MgCl2 to a final concentration of 5 nM. DNA filaments were imaged in an untreated

observation chamber made from two glass coverslides. Filaments attached to the glass slide via

electrostatic interactions due to the presence of divalent magnesium ions in the buffer. Most of the

images were analyzed using the Ridge Detection plugin in ImageJ. The parameters were chosen

depending on the contrast of the image in a range from 1.15 to 2 for σ, 0 to 5 for the lower threshold

and from 26 to 28 for the upper threshold. Some long filaments were manually analyzed using the

ImageJ plugin FilamentJ.

Cryo Electron Microscopy

Samples were prepared for cryo-EM by applying 5 µL of sample solution (1x PBS, 10 mM MgCl2,

1 µM DNA filaments) onto a glow-discharged 300 mesh Quantifoil holey carbon-coated R3.5/1

grid (Quantifoil Micro Tools GmbH, Großlöbichau). The grid was blotted for 3 s and plunge-

frozen in liquid ethane using a Vitrobot Mark IV (FEI NanoPort, Eindhoven, The Netherlands)
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at 100 % humidity and stored under liquid nitrogen. Cryo-EM specimen grids were imaged on

a FEI Tecnai G2 T20 twin transmission electron microscope (FEI NanoPort, Eindhoven, The

Netherlands) operated at 200 kV. Electron micrographs were recorded with an FEI Eagle 4k HS,

200 kV CCD camera with a total dose of ≈40 electrons/Å
2
. Images were acquired at 50000x

nominal magnification.

Transmission Electron Microscopy

For negative staining, 5 µL of DNA filament-containing solution (1x PBS, 10 mM MgCl2, 1 µM

DNA filaments, 20 mg/ml dextran or 0.4 wt% MC) 0.5 % PFA was applied onto a glow-discharged

100 mesh copper grid with carbon-coated Formvar (Plano GmbH, Wetzlar, Germany) and removed

after 2 min by gentle blotting from one side with filter paper. The grid was rinsed with 3 drops of

water, blotted again, and treated with 10 µL of 0.5 % (w/v) uranyl acetate solution for 20 s. After

removing the staining solution thoroughly by blotting with filter paper, the grid was air dried

and were imaged on a FEI Tecnai G2 T20 twin transmission electron microscope (FEI NanoPort,

Eindhoven, The Netherlands) operated at 200 kV. Electron micrographs were acquired with an FEI

Eagle 4k HS, 200 kV CCD camera at 20000x nominal magnification.

Preparation of Small Unilamellar Vesicles

Lipids were stored in chloroform at−20 °C and used without further purification. Small unilamellar

vesicles (SUVs) were formed by mixing the chloroform-dissolved lipids (69 % 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, Avanti Polar Lipids), 30 % 1,2-dioleoyl-sn-glycero-3-phospho-

(1’-rac-glycerol) (sodium salt, DOPG, Avanti Polar Lipids) and 1 % Atto488-1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (Atto488-DOPE, Atto TEC)) in a glass vial. The lipid solution was

dried under a stream of nitrogen gas. To remove traces of solvent, the vial was kept under vacuum

in a desiccator for at least 20 min. Lipids were resuspended in 10 mM Tris (pH 8) and 1 mM EDTA

at a final lipid concentration of 2.5 mM. The solution was vortexed for 10 min to trigger vesicle

formation. Subsequently, vesicles were extruded to form homogeneous SUVs with eleven passages
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through a polycarbonate filter with a pore size of 50 nm (Avanti Polar Lipids, Inc.). SUVs were

stored at 4 °C for up to a week or used immediately for GUV formation.

Preparation of Giant Unilamellar Vesicles

Giant unilamellar vesicles (GUVs) were formed using the droplet-stabilized GUV formation

method.20 Briefly, 1.25 mM SUVs, 5 µM DNA filaments (if not stated otherwise), 10 mM MgCl2

and phosphate buffered saline (PBS consisting of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4

and 1.8 mM KH2PO4) were mixed together. The aqueous mix was layered on top of an oil-surfactant

mix containing 1.4 wt% perfluoropolyether–polyethylene glycol (PFPE–PEG) fluorosurfactants

(Ran Biotechnologies) and 10.5 mM PFPE–carboxylic acid (Krytox, MW, 7000–7500 g/mol,

DuPont) in a microtube (Eppendorf). The ratio in between aqueous and oil phase was 1:3, generally

leading to volumes of 100 µL:300 µL. Droplet-stabilized GUVs were generated by shaking the

microtube vigorously by hand. The water-in-oil emulsion droplets were left at room temperature for

1−2h. Within this incubation period, the SUVs fused at the droplet periphery to create a spherical

supported lipid bilayer, termed droplet-stabilized GUV. Afterwards, the oil phase was removed

and 100 µL of 1x PBS was added on top of the emulsion droplets. The droplet-stabilized GUV

was destabilized by addition of 100 µL of perfluoro-1-octanol (PFO, Sigma-Aldrich) to release

freestanding GUVs into the PBS. GUVs were stored for up to two days at 6 °C. GUVs were imaged

in a custom-built observation chamber that was coated with 2 mg/ml bovine serum albumin (Sigma

Aldrich) for 15 min to prevent fusion of the GUVs with the glass coverslide. Additionally, DNA

filaments in the outer aqueous solution due to an imperfect release were disassembled due to the

absence of MgCl2 in the release buffer and the addition of 4 µM of an invader strand (Supporting

Table 3) that leads to filament disassembly by a toehold-mediated strand displacement reaction.

Light-Mediated Disassembly of DNA Filaments

Light-mediated disassembly was achieved by incorporating two azobenzene modifications at the

sticky overhangs of the S4 strand (Supporting Table 3), positioned 2 bases before the 3’ and 5’ ends,
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respectively. This breaks up the skicky end sequence into two segments with 2 or 3 bases each,

which renders them able to hybridize in the presence of trans-azobenzene and instable with cis-

azobenzene. GUVs with azobenzene-modified DNA filaments were formed as before. Disassembly

was achieved by illumination of a GUV with a mercury lamp using a DAPI filter set (excitation:

365 nm/bandwidth: 10) for 15 s. Subsequently, filaments reassembled within 30 min before they

were illuminated again with a mercury lamp (HBO 100). The confocal images of the DNA filaments

were thresholded in ImageJ using Otsu’s method and their overall porosity was analyzed. Note that

the porosity indicates the degree of polymerization of the DNA filaments. The porosity values were

corrected for bleaching by determining the slope of linear fits xslope for the porosity of disassembled

states. This leads to the corrected values: pcorr = p · (1 + xslopet).

Bundling of DNA Filaments

Bundling of DNA filaments was induced by addition of molecular crowders like dextran (molecular

weight 6, 35 and 500 kDa, Carl Roth), polyethylene glycol (PEG, molecular weight 8 kDa, Carl

Roth) or methylcellulose (molecular weight: 500 kDa, Carl Roth). The bundling agent was mixed

with DNA filaments directly before GUV formation. For TEM and confocal imaging of DNA

bundles in bulk, DNA filaments were incubated for 5 min with the respective bundling agent.

Determination of the DNA Filament’s Persistence Length

For the persistence length analysis, DNA filaments with a length around the mean value of the

filament length of each condition were considered. DNA filaments were traced and filament

coordinates were extracted using an automated tracing algorithm.32 The coordinates had a unit

spacing of ∆s = 4 pixels = 0.62 µm. Subsequently, we calculated the average tangent correlation

〈t̂(x) · t̂(x+ ∆x)〉 for each filament using a custom-written Python script. We then averaged the

tangent correlation for each distance between the tangents ∆x from all considered filaments. The

resulting values were used to fit a function of the form 〈t̂(x) · t̂(x+ ∆x)〉 = e−∆x/2P from ∆x = 2

to ∆x = 8 to obtain the filament’s persistence length P . The principle of this persistence length
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analysis is based on previous work with DNA filaments.33

Linking of DNA Filaments to Supported Lipid Bilayers

SUVs were diluted in 1x PBS containing 10 mM MgCl2 to a final lipid concentration of 1 mM

and flushed into an untreated observation chamber. The chamber was sealed and the SUVs were

left to fuse with the coverslide for 1 h. The chamber was then opened up and flushed twice with

deionized water to remove remaining SUVs that did not fuse to form a supported lipid bilayer

(SLB). Subsequently, 20 µL of 1x PBS and 2 µM of chol-DNA (chol-link, Supporting Table 3) were

flushed in and incubated with the SLB for 10 min. Finally, 5 nM Cy3-labeled DNA filaments were

added in 1x PBS and 10 mM MgCl2. Note that the single-stranded overhang on the S3 strand is

complementary to the chol-link DNA. The chamber was sealed for confocal imaging.

DNA-Cortex Formation inside Giant Unilamellar Vesicles

For DNA cortex formation, we designed a cholesterol-tagged complementary DNA (chol-link)

that can hybdridize with a single-stranded DNA overhang on the S3 strand (Supporting Table 3).

Before GUV formation, SUVs and 2 µM chol-link DNA were incubated for 2 min to bind the DNA

filaments to the GUV periphery. The acquired images were analyzed by determining the peripheral

intensity of the DNA filaments over the interior DNA filament intensity using a custom written

ImageJ macro (available here: https://doi.org/10.5281/zenodo.4738934). GUV

deformation was achieved by osmotic deflation of the GUVs such that the concentration of ions

outside the GUV is increased by a factor of two (c/c0 = 2). After osmotic deflation, the DNA

filaments inside the GUVs were reannealed in the thermocycler (BioRad).

Fluorescence Recovery after Photobleaching

For fluorescence recovery after photobleaching (FRAP) experiments a circular region of interest

(ROI) with a diameter of 10 µm at the top confocal plane of the GUV was chosen. By choosing

the top of the GUV, we reduce the risk of measuring artefacts due to the interaction with the
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BSA-coated glass slide at the bottom. Three images were acquired before the ROI was illuminated

for 100 iterations at the 100 % laser power with 488 nm (for the Atto488-labeled lipids) or 561 nm

(for Cy3-labeled DNA tiles and filaments). Afterwards, the ROI was imaged for up to 60 s to track

the recovery of the fluorescence. To quantify the diffusion coefficient, we used a custom-written

Matlab (R2019a) script.22

Statistical Analysis

All the experimental data were reported as mean± SD from n experiments, filaments or GUVs. The

respective value for n is stated in the corresponding figure captions. All experiments were repeated

at least twice. To analyze the significance of the data, a Student’s t-test with Welch’s correction was

performed using Prism GraphPad (Version 9.1.2) and p-values correspond to ****: p ≤ 0.0001,

***: p ≤ 0.001, **: p ≤ 0.01, *: p ≤ 0.05 and ns: p ≥ 0.05.
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Rational engineering of cytoskeletons for synthetic cells

3.11 Publication 8: Division and regrowth of phase-

separated giant unilamellar vesicles

The challenge of dividing synthetic cells in order to produce offspring is one of the
most important for synthetic biology [106]. As we have seen in the previous publi-
cation, the formation of ring-like DNA bundles might in future work be employed
for the division of GUVs e.g. upon bundle contractility. However, the generation
of a contractile DNA-based system and the related necessary force generation and
processivity still remain an unachieved, yet desirable, goal. Therefore, other ways
to achieve GUV division are required. In the following work, we establish a mecha-
nism that does not rely on cytoskeletons for the reliable division of phase-separated
GUVs along the phase boundary and their regrowth. However, the incorporation of
cytoskeletal structures that are coupled to the division process will be an exciting
challenge for future work.
After observing the division process of phase-separated GUVs, we explore the mech-
anism in more detail and find that it relies on the deflation i.e. reduction of the
volume to surface ration of the GUV and the line tension across the phase bound-
ary, which needs to be sufficient to lead to neck fission. Moreover, we expand the
division mechanism beyond the simple addition of solutions for deflation but also es-
tablish an enzyme-mediated mechanism that relies on the increase of the osmolarity
by cutting carbohydrates into its monomers and a second approach that makes use
of an osmolarity increase via light-induced release of caged compounds. A major
problem that occurs is, however, that the GUVs only contain one membrane phase
and are not phase-separated anymore. The division process can therefore only be
performed once and not repeatedly. To overcome this drawback, we developed the
regrowth of GUVs via fusion of SUVs with the opposite membrane phase to restore
phase-separation within GUVs. The fusion of SUVs can thereby be initiated via
calcium which induces the electrostatic attraction of SUVs to the GUV membrane
or via linking DNA strands that form in a zipper arrangement and therefore bring
the SUVs in close proximity to the GUVs ultimately leading to fusion.
As an overall picture, we can present a sustainable division mechanism of GUVs.
The GUVs can now be filled with engineerable subunits in order to build complex
synthetic cells with programmed multifunctionality.
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Division and Regrowth of Phase-Separated Giant Unilamellar
Vesicles**
Yannik Dreher+, Kevin Jahnke+, Elizaveta Bobkova, Joachim P. Spatz, and Kerstin Gçpfrich*

Abstract: Success in the bottom-up assembly of synthetic cells
will depend on strategies for the division of protocellular
compartments. Here, we describe the controlled division of
phase-separated giant unilamellar lipid vesicles (GUVs). We
derive an analytical model based on the vesicle geometry,
which makes four quantitative predictions that we verify
experimentally. We find that the osmolarity ratio required for
division is

ffiffiffi
2
p

, independent of the GUV size, while asymmetric
division happens at lower osmolarity ratios. Remarkably, we
show that a suitable osmolarity change can be triggered by
water evaporation, enzymatic decomposition of sucrose or
light-triggered uncaging of CMNB-fluorescein. The latter
provides full spatiotemporal control, such that a target GUV
undergoes division whereas the surrounding GUVs remain
unaffected. Finally, we grow phase-separated vesicles from
single-phased vesicles by targeted fusion of the opposite lipid
type with programmable DNA tags to enable subsequent
division cycles.

Introduction

“Omni cellulae e cellulae.” From the point of view of
modern science, RaspailQs realization from 1825,[1] popular-
ized by Virchow,[2] may state the obvious: Every living cell
found on Earth today originates from a preexisting living cell.
Bottom-up synthetic biology, however, is challenging this
paradigm with the vision to create a synthetic cell from
scratch.[3, 4] Success unquestionably entails that the synthetic
cells must have the capacity to produce offspring, making the
implementation of synthetic cell division an exciting goal.[5–8]

Over the course of evolution, living cells have developed
a sophisticated machinery to divide their compartments in
a highly regulated manner. The reconstitution of a minimal
set of cellular components seems to be a plausible albeit

challenging route towards synthetic cell division.[9–11] These
challenges leave room for creative approaches, seeking
solutions beyond the mimicry of todayQs biological cells.
One exciting strategy is to assemble a division machinery de
novo, by designing active, not necessarily protein-based
nanomachines. DNA origami structures have been used to
shape and remodel lipid vesicles,[12–14] although active force-
generating motors remain a distant goal. A shortcut towards
synthetic cell division is the non-autonomous mechanical
division of liposomes,[15] which may jump-start exciting
directions. The exploitation of physicochemical mechanisms,
on the other hand, could lead to autonomous division.
Noteworthy theoretical work describes the shape transfor-
mations of single-phase[16–18] as well as phase-separated
liposomes[19–21] depending on the surface-to-volume ratio.
Two vesicles connected with a tight neck have been theoret-
ically predicted[20] and can readily be observed in experiments.
A remarkable recent report triggered shape transformations
of lipid vesicles by an internal enzymatic reaction, but neck
fission did not occur.[22] There are few experimental reports
describing the complete dissociation of small buds from
a parent vesicle.[23, 24] Division into more equally sized
compartments has once been reported as an occasional
observation[25] or it relied on multilamellar vesicles[26] or
liquid–liquid phase separation.[27] Moreover, multilamellar
fatty acid vesicle systems have been shown to deform and
sometimes divide[28] and recently, division was shown as
a result of spontaneous curvature.[29] However, we are still
missing a well-controlled division mechanism where desig-
nated vesicles divide with a success rate close to 100%,
combined with a suitable growth mechanism. This would be
an important step for the field of bottom-up synthetic biology
since it could provide the basis for the evolution of synthetic
cells.
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Here, we experimentally demonstrate full spatiotemporal
control over the division of phase-separated GUVs with an
unprecedented success rate. To predict the process quantita-
tively, we show that it is sufficient to look at the vesicle
geometry. We describe the shape transformations of phase-
separated vesicles without fitting parameters, while previous
theoretical work relies on membrane-specific parame-
ters.[19–21] From these geometrical considerations, we can
extract the precise conditions required for division and
thereby provide a reproducible and highly controlled division
mechanism. Notably, we demonstrate that the division of
GUVs can be regulated by a metabolic reaction or triggered
locally by light. We further implement vesicle fusion via
programmable DNA tags as a mechanism to regrow phase-
separated vesicles from single-phased ones to enable subse-
quent division cycles. While our synthetic division mechanism
distinctively differs from that of nowadays living cells, our
results prompt to ask whether similar mechanisms may have
sustained cell division at the onset of life[30, 31] or if remnants
thereof may still play a role for the generation of intracellular
vesicles or to support certain division processes of todayQs
cells.[32–34]

Results and Discussion

Division of Phase-Separated GUVs Triggered by Metabolic
Decomposition

GUVs—that is, micron-sized vesicles enclosed by a single
lipid bilayer—are the most commonly used compartment type
for the assembly of synthetic cells.[4] To realize a controllable
and efficient mechanism for their division, we propose
a strategy that is based on three steps: Step 1) Define the
plane of division; Step 2) Increase the surface-to-volume
ratio, and Step 3) Enable neck fission to allow for the
formation of two smaller second-generation compartments
from a single large compartment. To realize Step 1, we choose
lipid phase separation to define the plane of division as the
interface of the liquid-disordered (ld, orange) and the liquid-
ordered (lo, green) phase as illustrated in Figure 1a. Hence,
an increase in the surface-to-volume ratio (Step 2) requires
a reduction of the GUVQs inner volume. To this end, we
exploit osmosis. An increase of the osmolarity outside the
GUVs, that is, a higher concentration of solutes in the outer
aqueous solution, causes water efflux through the GUV
membrane[35] as illustrated in Figure 1b. Note that the
number of lipids in the membrane, that is, the surface area
of the GUV, remains constant during this process (Figure S1).
There is no lipid addition. As described in previous theoret-
ical work,[20] the GUV deforms to minimize the energy
associated with the line tension at the phase boundary until
a bud is connected to the first-generation vesicle by a tight
neck. A common assumption is that the energy barrier for
neck scission (i.e. the final pinching of the second-generation
vesicle) is too large to enable vesicle fission without coat
proteins. However, while pinching of the lipid constriction
comes with an energy cost for opening up the bilayer
structure, it also removes the phase boundary.[21, 36] Therefore,

we postulate that complete division could be favorable if the
line tension is high enough (Step 3). To implement the
proposed division mechanism experimentally, we first need
a controlled mechanism to increase the outer osmolarity of
the solution. Metabolic processes, that is, the decomposition
of molecules through enzymes, inevitably lead to an osmo-
larity increase. We thus set out to metabolize the sugar

Figure 1. Division of phase-separated GUVs. Schematic illustration of
the division mechanism relying on a) phase separation of the GUVs
and b) osmosis. C0, C1, and C2 denote the osmolarity outside of the
GUVs and V1, V2, and V3 describe their volume at different time points.
c) Chemical reaction pathway of sucrose degradation catalyzed by the
enzyme invertase. d) Osmolarity ratio C/C0 over time for GUV-contain-
ing solutions composed of 300 mm sucrose, 10 mm HEPES (pH 7.4)
and 44 mgL@1 (blue) or 22 mgL@1 invertase (gray). Error bars are too
small to be visible. The data was fitted with limited growth fits (solid
lines). The dotted black line indicates the time point at which division
occurs (see f). e) Overlay of brightfield and confocal image of a phase-
separated GUV with equally large hemispheres (Lipid Mix 1, Table S2,
ld phase labeled with LissRhod PE (orange), lex = 561 nm). f) Confocal
fluorescence time series depicting the division process in the presence
of 44 mgL@1 invertase. The vesicles are fully separated and quickly
diffuse apart after division (see 45 min time point). Scale bars: 10 mm.
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solution in which GUVs are often immersed. For this purpose,
we make use of the enzyme invertase. Extracellular invertase
is secreted by yeast as a form of cell–cell cooperation to
decompose sucrose into fructose and glucose (Figure 1c).[37]

We performed osmometer measurements to test if extracel-
lular invertase in a solution of phase-separated GUVs can
produce an increase of the osmolarity ratio C/C0 as required
for division. Indeed we find that the osmolarity of the initially
300 mm sucrose solution increases significantly over time (see
Figure 1d). The rate of increase depends on the enzyme
concentration. In the presence of 44 mgL@1 invertase, the
initial osmolarity almost doubles over the course of 150 mi-
nutes.

Note that we did not optimize the conditions for invertase
activity but chose conditions compatible with the proposed
mechanism for GUV division. Phase-separated GUVs with
two distinct hemispheres (Figure 1 e), were successfully
electroformed using a lipid mixture consisting of DOPC,
cholesterol, DPPC, CL and LissRhod PE (DOPC (18:1 1,2-
dioleoyl-sn-glycero-3-phosphocholine), DPPC (16:0 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine), CL (Cardiolipin
(Heart, Bovine)), LissRhod PE (18:1 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl)); Tables S1 and S2, Mix 1).[38] LissRhod PE labels
the ld phase (orange). To test the proposed mechanism for
division, we add 44 mg L@1 invertase to the GUV-containing
sucrose solution. Figure 1 f shows a time series taken over the
course of 45 minutes (see Figure S2 for an overview image
with multiple dividing vesicles). We observe the formation of
a constriction at the interface of the two phases, eventually
leading to complete division. As visible in the final timestep,
the second-generation vesicles diffuse apart as soon as the
division is completed, proving that complete neck scission
occurred. Control experiments confirm that neither phase
separation, nor osmosis alone are sufficient to promote GUV

division (Figure S3). To appreciate the continuous deforma-
tion process leading to division, Video S1 is recommended. To
probe the versatility, we tested twelve additional lipid
mixtures and obtain GUVs with two distinct hemispheres
from mixtures containing positively, neutral, and negatively
charged lipids. Interestingly, we find that the choice of
fluorophore attached to the lipid affects the phase separation
behaviour (Figure S4, Tables S2–S4). Division was also ob-
tained for GUVs composed from a distinctively different lipid
mixture (Table S2, Mix 2, Video S2). We have thus achieved
the division of phase-separated GUVs by increasing the outer
osmolarity with an enzymatic reaction. It is interesting to
consider that phase separation may have come into play when
phospholipids emerged.[30, 31] By regulating the transcription
of a metabolic enzyme like invertase, primitive cells could, in
principle, maintain a high level of control over their division
without a sophisticated division machinery.

Theoretical Prediction of the Division Process

To gain control over the process, we set out to predict the
osmolarity ratio required to achieve division of a phase-
separated GUV. For this purpose, we develop an analytical
model describing the geometrical GUV shape throughout the
deformation process as two spherical caps with a base radius
s0 for the initially spherical GUV and s< s0 for the deformed
GUV. One of them represents the ld phase with a surface area
Ald and the other one the lo phase with a surface area Alo,
respectively. The relevant geometrical properties (Figure 2 a)
can be extracted from confocal images. This representation
provides a good approximation of our experimentally ob-
served GUV shapes including a kink at the phase boundary
compared to the dumbbell shape expected for single-phased
GUVs. We assume that the total area Atot remains constant

Figure 2. Theoretical predictions for the division process of phase-separated GUVs based on an increase in the osmolarity ratio. a) Schematic
illustration describing the relevant geometrical properties of a deformed GUV (top) and its initially spherical state (bottom). Ald and Alo are the
surface areas of the spherical caps representing the two phases. s0 is the radius of the base of the caps, V0 the volume and r0 the radius of the
initially spherical GUV. s is the reduced radius of the base of the caps and V the reduced volume of the deformed GUV. b) Theoretical prediction
of the division parameter d as a function of the osmolarity ratio C/C0 for different lipid ratios l. d =0 corresponds to a spherical GUV, d = 1 to
a fully divided one. c) Predicted shapes of GUVs with different lipid ratios (l = 0.80, 0.65, 0.50) at defined points during the division process
(d = 0.0, 0.5, 1.0). The corresponding positions (1–9) are indicated in the plot in (b).
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throughout the division process. If the outer osmolarity
increases (C>C0), the volume of the GUV will decrease due
to water efflux. This process is fast compared to the time scale
of the division process[39] and therefore assumed to be
instantaneous in our model. The equilibrated inner volume
is then given by V = C/C0 V0. The resulting excess membrane
area allows for deformation of the initially spherical GUV.
Deformation minimizes the phase boundary (s< s0) to reduce
the energy associated with the line tension.[20] To quantify the
progression of the division process, we define a division
parameter d :

d ¼ 1@ s
s0
: ð1Þ

d is 0 for the initial spherical GUV and 1 for a divided GUV.
Based on these geometrical considerations, the osmolarity
ratio C/C0 needed to achieve a certain deformation d for
a symmetric GUV (Ald = Alo) can be calculated as

C=C0 ¼
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2@ 1@ dð Þ2
p

1@ dð Þ2 þ 1
E C : ð2Þ

The model thus postulates that the osmolarity ratio
required for complete division (d = 1) is C/C0 =

ffiffiffi
2
p & 1.41

(Prediction 1). Since Equation (2) does not depend on the
initial radius r0 of the GUV, the osmolarity ratio required for
division is independent of the size of the GUV (Prediction 2).
While living cells normally undergo symmetric division,
where both second-generation compartments are of similar
size, some processes like oocyte maturation rely on
asymmetric division.[40] To extend our model for asymmetric
GUVs with Ald¼6 Alo we define a lipid ratio parameter
l ¼ Ald=Atot ¼ 1@Alo=Atot and hence obtain

C=C0 ¼
1

T1 þ T2

with the terms T1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l@ 1@ dð Þ2 l @ l2ð Þ

q
2 1@ dð Þ2 l @ l2

E Cþ l
E C

and T2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1@ lð Þ@ 1@ dð Þ2 l @ l2ð Þ

q
2 1@ dð Þ2E E

l @ l2Þ þ ð1@ lÞÞ:
ð3Þ

See Note S1 in the Supporting Information for a detailed
derivation of the equations.

It follows that GUVs with higher asymmetry should
require lower osmolarity ratios for complete division and
should hence divide faster (Prediction 3). Figure 2b shows the
predicted division parameter d as a function of the osmolarity
ratio C/C0 for different lipid ratios l. A GUV with l = 0.8
divides already at an osmolarity ratio of approximately 1.22
(compared to 1.41 for symmetric GUVs with l = 0.5). For
clarity, Figure 2c displays the predicted shapes of the GUVs
corresponding to specific points of the phase space spanned
by the division parameter and the osmolarity ratio as
indicated in Figure 2b. Finally, any process that provides
a sufficient change in the osmolarity ratio should lead to
division of phase-separated vesicles, independent of the
chemical nature of the process (Prediction 4). Compared to
previous models describing the shape transformations of lipid
vesicles,[19–21] our model merely considers geometric proper-

ties without fitting parameters. Nevertheless, the model yields
four predictions, which we will now test experimentally.

Quantitative Comparison of Experiments and Theoretical
Predictions

To test the predictions of our model in a quantitative
manner, we first observe symmetric phase-separated GUVs
(l = 0.5) in solutions with different well-defined osmolarity
ratios C/C0. It is crucial to immerse the GUVs slowly to avoid
lipid tubulation (see Figures S2 and S5). To be able to extract
geometrical parameters more precisely from the confocal
images, we additionally label the lo phase. For this purpose,
we add cholesterol-tagged 6-FAM-labeled DNA to the
GUVs, which self-assembles selectively into the lo phase
(green) in a Mg2+-containing buffer (see Figure S6). Note that
Mg2+ leads to a significant reduction of the invertase activity
in the presence of GUVs (see Figure S7), likely due to
electrostatic interactions between the invertase and the
GUVs mediated by divalent ions. Therefore, labelling of the
lo phase was omitted for experiments involving invertase.
Similarly, we find that in the presence of Mg2+ ions, the
vesicles remain in close contact after division, again likely due
to electrostatic interactions. After soft shaking, they are found
in complete isolation (see Figure S8). Figure 3a shows the
theoretically predicted shapes for the different osmolarity
ratios. The corresponding representative confocal fluores-
cence images are presented in Figure 3b. Note that the shapes
are static since the osmolarity ratio is kept constant, unlike in
the case of invertase activity. We extract the geometrical
parameters required to calculate the division parameter d
from multiple images. As postulated, we observe division at
an osmolarity ratio of approximately

ffiffiffi
2
p

(Prediction 1). We
find that 90 % percent of the GUVs are single-phased (n =

200) at this osmolarity ratio, suggesting a remarkably high
division rate. To verify the size independence of the division
process (Prediction 2), we used the images of the deformed
GUVs to calculate the radius r0 of the initially spherical GUV.
The scatter plot of the division parameter d over r0 is shown in
Figure 3c. As expected, no significant size-dependent devia-
tions from the theoretical value (blue line) can be observed in
the size range of GUVs. For vesicles below 1 mm, size effects
and membrane-specific parameters will likely come into play.
As a quantitative comparison of the experimental results with
the theoretical prediction [Eq. (2)], we plot the mean division
parameter as a function of the osmolarity ratio. Figure 3d
shows that the experimental data agrees well with the
theoretical prediction. Deviations may occur due to the fact
that GUVs are imaged in solution and can hence rotate in the
confocal plane. Trapping can lead to lipid tubulation and
hinder the division process (see Figure S9). Note that the
quantitative understanding of the vesicle shape as a function
of the osmolarity ratio allows us to use phase-separated
GUVs as precise osmolarity sensors. This could for instance
be useful for measuring extracellular osmolarity in cell culture
based on conventional microscopy without any additional
equipment (conventional osmometer measurements require
freezing of the sample).
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Figure 3. Quantitative comparison of experiment and theoretical prediction. a) Theoretically predicted shapes of symmetric GUVs at different
osmolarity ratios C/C0 as indicated. b) Representative confocal fluorescence images of symmetric phase-separated GUVs immersed in solutions of
the corresponding osmolarity ratios C/C0. The ld phase is labeled with LissRhod PE (orange, lex = 561 nm), the lo phase with 6-FAM-labeled
cholesterol-tagged DNA (green, lex =488 nm). Scale bars: 10 mm. c) Scatter plots of the experimentally determined division parameters plotted
against the radius of the initially spherical GUVs. Solid blue lines represent the theoretical prediction, which postulates size-independence of the
division process. d) Division parameter d as a function of osmolarity ratio C/C0. The mean values of the measured division parameters (black)
and the theoretical prediction from Equation (2) (solid blue line) are plotted. Error bars correspond to the standard deviation of the values for d
extracted from confocal fluorescence images. e) Confocal fluorescence time series of GUVs with asymmetric lipid ratios (l = 0.65 and l =0.80) in
the presence of 44 mgL@1 invertase. Scale bars: 10 mm. f) Division parameter d of four different symmetric GUVs (l =0.5) in the presence of
44 mgL@1 invertase plotted against the osmolarity ratio C/C0. The values for C/C0 were obtained from the osmolarity measurements displayed in
Figure 1d. The solid blue line shows the theoretically predicted division curve. g) Division parameter d of GUVs with different lipid ratios in the
presence of invertase plotted against the osmolarity ratio C/C0. Solid lines are the theoretically predicted division curves for the corresponding
lipid ratios.
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To show that our geometrical description does not only
predict the static GUV shapes but also the dynamic division
process, we analyse confocal time lapses of the division
process in the presence of invertase. We can extract the
osmolarity ratio at a given time point from the osmometer
measurements in Figure 1 d. Figure 3 f confirms that the
division process of symmetric GUVs with two equally large
hemispheres (l = 0.5) agrees well with the prediction. Finally,
asymmetric GUVs with l> 0.5 should require lower osmo-
larity ratios for division and hence divide faster (Predic-
tion 3). To test this, we observed GUVs with different lipid
ratios. Figure 3e shows that asymmetric GUVs indeed exhibit
shorter division times—approximately 27 min for l = 0.65 and
20 min for l = 0.80 compared to 40 min for l = 0.50 (see
Figure 1 f). Figure 3g confirms that the division parameter
plotted as a function of the osmolarity ratio follows the
theoretical predictions [solid lines, Eq. (3)]. The fact that
asymmetric division happens at lower osmolarity ratios may
explain why budding was more frequently reported in the
literature[23, 24] than symmetric division.

Light-Triggered Local Division

Any process that achieves a sufficient increase of the
osmolarity ratio should, in principle, be suitable to trigger
division of phase-separated GUVs (Prediction 4). We first
demonstrate this by showing that water evaporation can be
used instead of invertase activity to increase the osmolarity
ratio, see Figure S3 a. This confirms that the division process is
not dependent on the chemical nature of the enzymatic
reaction but relies on the resulting osmolarity increase.
Exploiting this versatility, we want to realize a mechanism
with full spatiotemporal control over the division process,
such that a selected vesicle divides at a chosen time point
whereas surrounding vesicles remain unaffected. We success-
fully achieve this aim based on the light-triggered uncaging of
bis-(5-carboxymethoxy-2-nitrobenzyl)-ether (CMNB)-caged
fluorescein. Upon 405 nm illumination, this initially non-
fluorescent compound splits into three components—two
CMNB molecules and the fluorophore fluorescein (Fig-
ure 4a). Its contribution to the overall osmolarity should
thus triple. The successful uncaging of fluorescein can be
monitored with UV/Vis spectrometry (see Figure S10a).
Figure 4b illustrates our concept for the localized light-
triggered division: Phase-separated vesicles are immersed in
a solution containing CMNB-fluorescein. Subsequently, a tar-
get GUV is chosen for division. The division process is
initiated by illuminating the surrounding area with a 405 nm
laser diode leading to uncaging of CMNB-fluorescein.
Fluorescein release increases the osmolarity locally, hence
leading to division of the selected GUV, while surrounding
GUVs remain unaffected. Based on theoretical considera-
tions (Note S2) and osmometer measurements (Figure S10b),
we set the initial concentrations to achieve the required
increase of

ffiffiffi
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in the overall osmolarity. Figure 4c shows
snapshots from a confocal fluorescence time series before (i)
and during illumination (ii) of the selected area (Video S3).
While division previously happened within tens of minutes

(see Figures 1 and 3), the rapid uncaging dynamics of CMNB-
fluorescein promote division after a few seconds. Other
representative examples of GUVs undergoing similarly fast
division are shown in Figure S11. Note that we could only
record one fluorescence track to capture the fast dynamics.
The increase in the background fluorescence intensity is due
to bleed through from the 405 nm excitation and the release
of fluorescein (for confocal images of the fluorescein channel
before and after release, see Figure S12). Finally, Figure 4d
highlights the locality of the division: As expected, a vesicle
outside the illuminated area does not undergo division.
Moreover, illumination alone, in the absence of CMNB-

Figure 4. Light-triggered local division of phase-separated GUVs via
uncaging of CMNB-fluorescein. a) Chemical reaction pathway of fluo-
rescein release induced by UV or 405 nm illumination. CMNB-caged
fluorescein decomposes into three products thus tripling its contribu-
tion to the osmolarity. b) Schematic illustration of the localized light-
triggered division process. Phase-separated GUVs are immersed in
a solution containing CMNB-fluorescein. Illumination with a 405 nm
laser diode leads to a local increase in osmolarity by uncaging of
CMNB-fluorescein and hence to GUV division. c) Representative
confocal fluorescence images of a phase-separated GUV (ld phase
labeled with LissRhod PE, lex = 561 nm) undergoing full division within
seven seconds of 405 nm illumination (time points i and ii are
illustrated in b). d) Confocal fluorescence image of a phase-separated
GUV outside the illuminated area maintains its spherical shape (iii as
illustrated in b). Scale bars: 10 mm. e) Division parameter d of the
GUV shown in (c) over time. The GUV instantly deforms with start of
405 nm illumination (indicated by the vertical blue dashed line) and
fully divides within seconds.
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fluorescein, does not lead to division of phase-separated
GUVs (Figure S13). Figure 4e plots the division parameter
for the vesicle shown in c as a function of time (for more
examples see Figure S11). The plot clearly shows that no
shape changes occur before illumination (the frame rate was
reduced to avoid bleaching and the GUV was observed for in
total 100 s before illumination). As soon as the local
osmolarity change is induced by uncaging of CMNB-fluo-
rescein at t = 0 s, the vesicle starts to deform and fully divides
after 7.9 s. The shape of the curve is likely to be a result of the
non-linear increase in osmolarity (Figure S10b): Uncaging
increases the osmolarity locally in the illuminated confocal
volume, yet components freely diffuse in and out. Caged
compounds have previously been used to change the osmo-
larity to induce compartment rupture.[41] Here, we have shown
that they offer the additional possibility to trigger the division
of phase-separated GUVs locally with light, achieving a rapid
time response and division within seconds.

Regrowth of Phase-Separated Vesicles After Division

Crucially, synthetic cell division should be followed by
a growth phase in order to ultimately sustain multiple growth
and division cycles. In our system, this process has to restore
the initial phase separation of the GUV. Different methods
for vesicle fusion have previously been employed to grow
GUVs.[42–45] However, it is not trivial that these conventional
fusion mechanisms can lead to phase-separated GUVs: The
emerging line tension adds to the energy barrier for the fusion
of a lo-phase vesicle to a ld-phase vesicle. As a proof-of-
principle experiment, we produced carboxyfluorescein-la-

beled lo GUVs and rhodamine-labeled ld GUVs separately,
mimicking the single-phase GUVs after division. With this
strategy we can be absolutely sure that a GUV, which contains
both fluorescent dyes, results from a fusion event.

We mixed ld and lo GUVs and added Ca2+-ions. This leads
to attractive interactions between the GUVs[46] and has been
shown to mediate fusion between identical lo-phase GUVs.[47]

We find that this process yields phase-separated GUVs, which
unambiguously demonstrates that fusion between the lo and
ld GUVs has occurred (Figure S14, Video S4). It should be
noted, however, that despite frequently observed hemifusion
and attachment of GUVs to one another, full fusion is a rare
event and the vast majority of GUVs (over 95%) remains
single-phased. Moreover, fusing GUVs again after division
cannot lead to growth of the GUV population.

We ultimately need a “feeding mechanism” as illustrated
in Figure 5a, where each growth-division cycle can increase
the total number of GUVs. CaCl2-mediated fusion can restore
phase-separation upon addition of small unilamellar vesicles
(SUVs) to GUVs (Figure S15). However, this approach lacks
programmability. In order to achieve targeted fusion of SUVs
to GUVs of the, respectively other lipid phase in a mixture,
we thus make use of the sequence-programmable base-
pairing of DNA. As we already demonstrated, cholesterol-
tagged DNA self-assembles selectively into the liquid-
ordered phase. We find that in our system tocopherol-tagged
DNA, on the other hand, attaches to both phases equally
(Figure S16). By designing complementary single-strands of
DNA, one with a 3’ cholesterol and the other one with a 5’
tocopherol, we can thus selectively bring vesicle membranes
into close proximity as illustrated in the zoom in Figure 5a.
Such zipper-like DNA-based mimics of SNARE proteins

Figure 5. Regrowth of phase-separated vesicles. a) Schematic illustration of a programmable vesicle growth and division cycle mediated via
fusogenic membrane-bound DNA. The zoom image shows the zipper-like arrangement of the DNA, bringing the membranes into close proximity.
b) Representative confocal fluorescence image of a fluorescently labeled ld-phase GUV (orange, lex = 561 nm) in a feeding bath of lo SUVs
functionalized with cholesterol-tagged 6-FAM-labeled DNA (green, lex = 488 nm). c) Addition of complementary tocopherol-tagged DNA leads to
SUV fusion and hence the formation of phase-separated vesicles (as identified via partitioning of cholesterol-tagged 6-FAM DNA in presence of
unlabeled SUVs). Scale bars: 10 mm. d) Confocal fluorescence overview image (left, scale bar: 50 mm) after the DNA-mediated fusion process.
Fusion took place for the majority of GUVs (highlighted with white boxes). Zoom images (right, scale bars: 10 mm) show the successful
regeneration of phase-separated GUVs with a lipid ratio of l&0.5.
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have been used to trigger fusion of SUVs of the same kind,[44]

but it is not trivial that phase-separated vesicles can be
formed. We hence immersed ld GUVs in a feeding bath
containing DNA-functionalized lo SUVs (Figure 5b). Note
that the SUVs (green) with a diameter of around 100 nm
(Figure S17) are too small to be resolved individually. Upon
addition of the complementary DNA, we observe phase-
separated GUVs with a sufficiently large lo phase to restore
the initial condition. Given the area of the ld phase in
Figure 5c, we estimate that approximately 5600 SUVs have
fused to the GUV. We hypothesize that the line tension at
phase boundary present after the first fusion event lowers the
energy barrier for subsequent fusion. Lipid phase boundaries
have been shown to promote other fusion events including
HIV entry.[48] The time-resolved growth process is depicted in
Figure S18. Note that the SUVs have a larger surface-to-
volume ratio compared to the GUVs and thus are supplied in
a lower osmolarity solution in order to obtain spherical GUVs
after fusion. The small osmolarity mismatch is likely to be
beneficial for the fusion process itself.[15] By preventing
duplex formation, that is, in absence of tocopherol-tagged
DNA, we do not observe vesicle fusion (Figure S19). Com-
pared to Ca2+ mediated fusion, we did not only gain
programmability, but also increased the efficiency of the
process. Figure 5d shows an overview image, which demon-
strates that phase-separation was restored in the majority of
GUVs after incubation. A lipid ratio of l& 0.5 could be
restored reproducibly.

Conclusion

Synthetic cell division is one of the most exciting albeit
challenging tasks towards the bottom-up construction of
cellular systems. Our study realizes the division of GUVs,
fully controllable by two physical parameters—phase separa-
tion and osmosis. Phase separation of the lipids in the GUV
membrane defines the plane of division such that an increase
of the surface-to-volume ratio by osmosis leads to contraction
at the phase boundary and thus the formation of two second-
generation compartments. We derived a model of the division
process based on geometrical considerations. The analytical
model makes four predictions, which were all verified
experimentally: First of all, the osmolarity ratio required for
division of GUVs with equally sized phases is

ffiffiffi
2
p

; secondly,
the time-point of division is independent of vesicle size; third,
asymmetric division happens faster (i.e. at lower osmolarity
ratios) and fourth, any process, which leads to a sufficiently
large osmolarity increase, can trigger division. We showcased
the latter by demonstrating division as a result of fundamen-
tally distinct processes, including water evaporation, meta-
bolic decomposition of sugars and light-triggered uncaging of
CNMB-fluorescein. Using light as a stimulus for division
provides full spatiotemporal control, which could, in the
future be exploited to perform directed evolution of a vesicle
population. The concept to exploit caged compounds for local
vesicle division is new and broadly applicable. It does not rely
on specific environmental conditions and can directly be
extended from CMNB-caged fluorescein to other caged

compounds. Any suitable division mechanism for synthetic
cells should have the capacity to sustain multiple growth-and-
division cycles. In our case, growth has to restore phase
separation in the second-generation compartments. We
achieve fusion of SUVs of the other phase to single-phased
GUVs with programmable DNA-based SNARE protein
mimics—thus restoring the initial conditions for subsequent
division cycles, which will undoubtedly be a prerequisite for
the evolution of synthetic cellular systems. The future
integration of information storage and replication will be
yet another important milestone towards the visionary
transition from matter to life, or, in other words, towards
a synthetic cell which truly deserves its name. In the mean-
time, our engineering approach to synthetic cell division
prompts questions about cellular life as we know it: We may
be curious to discover whether phase separation and osmosis
may have sustained compartment division at the onset of life,
possibly regulated by the expression of metabolic enzymes.
And we may further ask how remnants thereof play a role in
cell biology today—continuously nurturing the emergence of
cells from cells.
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Chapter 4

Discussion

The rational engineering of multifunctional cytoskeletons is a key challenge of bottom-
up synthetic biology. In the eight publications, we have seen how natural actin and
synthetic DNA-based cytoskeletons can be engineered for versatile functions and
processes like morphology control, (intra-)cellular motility and stimuli-responsive
reversible assembly. In the following, I discuss the most important results and con-
clusions and give an outlook on how these can be used to tackle exciting new goals.

4.1 Natural cytoskeletons for synthetic cells

Cytoskeletons inside natural eukaryotic cells are highly efficient systems responsible
for multiple functions. The main challenge for engineering natural cytoskeletons is
to reduce the complexity of a living cell while maintaining the cytoskeletal functions.
Given that for actin itself there are more than a hundred actin-binding proteins, the
difficulty of this task becomes evident [107]. Therefore, we focused on one application
of actin-based natural cytoskeletons for synthetic cells at a time. By doing so, we
were able to engineer different functional units that rely on at most two proteins to
govern synthetic cell morphology, motility and contractility.

4.1.1 Control over synthetic cell morphology

The easiest way to generate control over the GUV morphology is to deform the
membrane by active forces from the outside because it does not require the difficult
step of encapsulation and leaves an ‘infinite’ reservoir to recruit necessary compo-
nents, which can be supplied sequentially at the right time points. In Publication
1, we achieved control over GUV morphology by linking lipids from the GUV mem-
brane to actin filaments that slide along a surface due to force generation by heavy
mero-myosin (HMM). This led to the pulling of lipid nanotubes from the GUVs
with different lengths depending on the lipid composition and the amount of bi-
otinylated lipids. Whereas a similar behavior has been found using a different set of
filament and motor, i.e. microtubules and kinesin [108–110], it was remarkable that
we could achieve the formation of lipid nanotubes and even bigger networks than
previous work using the non-processive motor heavy mero-myosin. This is because
HMM detaches after every power stroke from the actin filament, whereas kinesins
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are processive motors that stay in contact with the microtubules, which prevents a
retraction of the lipid nanotube after every power stroke [111].
Moreover, after verifying the different lipid nanotube network sizes for GUVs with
varying lipid compositions, we successfully subjected the pulling assay to natural
cells. Here, the cell type made a difference in the generated nanotube networks also
including the absence of nanotubes for adherent cells. We found that this was de-
termined by the intracellular cytoskeleton of the cells since they do form nanotubes
in the absence of internal actin filaments. We proposed that this allows our system
to infer the membrane-to-cortex attachment of different cell types. Typically, these
measurements are performed using optical or magnetic tweezers or atomic force mi-
croscopy [112]. These techniques have a low throughput of a couple of cells per hour.
Our assay might be useful for a higher-throughput screening of the membrane-to-
cortex attachment of natural cells with up to hundreds of cells per hour since it
is only limited by the size of the observation chamber and the acquisition speed
of a confocal microscope. However, this would require further characterization and
verification of the system in respect to the cell type and downstream signalling.
Additionally, a major limitation of our assay is that a large fraction of cells does not
survive more than 1 h on the HMM-coated slides in presence of actin filaments. The
survival time could potentially be increased by using an open observation chamber
with constant media and CO2-supply.
To summarize, in this work we developed a new assay to control the morphology of
GUVs and natural cells - a key feature of cytoskeletons - using only two types of
proteins: actin filaments and myosin motors. However, this is done by generating
active forces from the outside of synthetic cells, which contradicts the autonomous
capabilities we desire a synthetic cell to have. Therefore, we went on to explore
how we could achieve a different function by encapsulating actin filaments inside
synthetic cells.

4.1.2 Control over synthetic cell motility

Since the presented assay for the control over GUV morphology requires a substrate
coated with HMM, it cannot be directly translated into cell-sized compartments. For
this reason, we started to investigate a different function of natural cytoskeletons
that could be triggered from the inside, namely their involvement in cell motility
(Publication 2).
To achieve synthetic cell motility, we encapsulated actin filaments inside surfactant-
stabilized water-in-oil droplets. The binding of actin filaments to the negatively
charged surfactant Krytox at the droplet interface leads to a gradient in surface
tension and thus to Marangoni flows that cause the rotation of the droplet. By
tuning the interaction with the droplet substrate we can moreover transfer the ro-
tational into a rolling motion. We have thereby used the cytoskeleton to induce
droplet motility. This system is especially interesting because the reconstitution of
cellular actin-based locomotion within synthetic cells remains unachieved due to its
complexity [10]. Moreover, droplet motility due to Marangoni flows could also be
generated using cytoskeleton-independent mechanisms [38]. This can be seen as ad-
vantageous because it makes this propulsion strategy more versatile. On the other
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hand it also clearly shows that we did not exploit the whole spectrum of the possible
filament properties. Nonetheless, the velocities achieved with our system very well
match the ones of crawling cells with up to µmmin−1 [73], whereas swimming cells
with velocities on the order of 10µms−1 still remain a far-distant goal.
Another major drawback of our system is that it still relies on an oil phase con-
taining the negatively charged surfactant. It is therefore unsuitable for biological
systems as it is not biocompatible. Whereas recently this issue has been overcome
by stabilizing the emulsion droplet with liposomes [113], liposome and GUV motility
via Marangoni flow have not been reported yet. Notably, also no other mechanisms
for the reliable and directed motility of GUVs has been found so far. Common ap-
proaches to overcome this limitation include the use of enzyme-enhanced diffusion,
which can already be used for SUV motility [114], the use of light-stimulated GUV
rolling [115] or the combination of GUVs with acto-myosin machinery [32]. Alter-
natively, we later on show that a burnt-bridge mechanism can also be employed to
induce vesicle locomotion.
In the following work, we explored the strategy of acto-myosin-mediated motility by
engineering a symmetry-breaking contraction, which next to the polymerization of
actin filaments on the leading edge, is required for actin-based crawling motion of
natural cells.

4.1.3 Control over synthetic cell contractility

Having shown the successful encapsulation of actin filaments into the confinement of
water-in-oil droplets, we went one step further by adding heavy mero-myosin coated
beads as force-generating element (Publication 3). We verify that the HMM-beads
are functional by binding them to actin filaments and inducing the contraction in
presence of ATP. As a controlling element for the contraction, we made use of ATP
with a P3-(1-(2-nitrophenyl)ethyl) ester (NPE-caged ATP), which uncages ATP
upon illumination with a 405 nm laser. By transferring the system into water-in-oil
droplets and linking the actin filaments to the compartment periphery, we showed
that we can use light to trigger the symmetry-breaking contraction of actomyosin-
networks.
Our system thereby showcases not only the successful integration of myosin to actin
filaments inside cell-sized confinement but also presents NPE-caged ATP as a pow-
erful non-invasive trigger for engineering synthetic cells. However, in contrast to
natural cells, the contraction of our actomyosin-networks is still not reversible. If
we would want to generate a sustainable motion of a synthetic cell, this mechanism
would require continuous network remodeling and ATP production. In our case, the
ATP is consumed within minutes after light illumination and the contracted network
remains static. The inclusion of an ATP regenerating system could help to overcome
this issue [116, 117]. However, this also requires the addition of more proteins to the
system, which might not be functional in the droplet-based confinement or interfere
and interact with the actomyosin-contraction.
Moreover, in order to generate synthetic cell motility based on actin-based locomo-
tion, we would still require the polymerizing force of actin filaments on the leading
edge of compartment and the connection of the droplet to a substrate. The simulta-
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neous arrangement of these processes inside confinement, however, is very challeng-
ing. Additionally, we have seen in the control over the synthetic cell morphology
that the high interfacial tension at the droplet periphery makes GUVs the better
compartment choice because the amounts of forces needed to induce a deformation
or motion are lower. Given that recent works showed the successful encapsulation
of actin and actin-binding proteins into GUVs [24, 68, 118], this might be a possible
aim of following work.
All in all, we have seen how we can engineer natural actin filaments to change the
GUV morphology based on their lipid composition, how the encapsulation of actin
can lead to the motility of droplets and how we can induce the symmetry-breaking
contraction of actomyosin networks inside cell-sized confinement, which make up
some of the most fundamental features of cytoskeletons. By doing so, we went from
a complex functionality on the outside of the compartment to the encapsulation of
first one protein and then two proteins inside of compartments - making the essential
transfer step for engineering an autonomous synthetic cell. However, we also saw
that the droplet-based system has its limitations due to its bioincompatiblity and
that the reconstitution of natural proteins can be challenging especially when one
wants to integrate multiple different functions at the same time. For this reason, we
explored the use of synthetic cytoskeletons next.

4.2 Synthetic cytoskeletons with programmable

functionality

An essential bottleneck for the use of natural cytoskeletons is the need to purify
and successfully reconstitute them into cell-sized compartments. This is especially
challenging if one wants to increase the complexity and functionality as one needs to
add more proteins. DNA nanotechnology offers a solution for this problem by using
DNA as a building block for versatile and programmable structures that are relevant
for bottom-up synthetic biology [14]. We employed this for rationally engineering
multifunctional cytoskeleton mimics from DNA (Publications 4-7).

4.2.1 Dynamic DNA origami structures to deform GUVs

As a first application, we set out to deform GUVs using DNA origami structures.
The deformation is based on the polymerization of individual DNA origami that are
attached to the membrane into sheets that scaffold the GUV membrane. Whereas
this approach has been used already to deform GUVs in previous studies [77–79],
we expand it by making the deformation reversible. We achieved this with a pH-
sensitive triplex motif that opens up at a pH > 7 and allows the DNA origami
to bind the GUV membrane. After attaching the DNA origami to the membrane
and inducing the deformation, they can be subsequently removed by lowering the
pH and leaving the GUV in its spherical state again. Importantly, we find that
the choice of fluorophore on the triplex motif determines its switching behavior.
This is of relevance for the field of DNA nanotechnology beyond this study, since
fluorophores are typically deliberately exchanged based on experimental modalities.
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Our work shows that this should be done with caution as the fluorophore influences
the conformation of the DNA.
After verifying the use of our DNA origami cytoskeleton mimic to deform GUVs,
we moreover expand the system by integrating genetically-modified E. coli that
overexpress a light-sensitive proton pump. Therefore, their integration makes the
system responsive to an external light stimulus. The genetic modification of E.
coli has already previously been shown to generate proton gradients [119, 120]. In
our work, however, we achieve higher absolute gradients and find a purpose for the
generated proton gradients by allowing the attachment of DNA origami to the GUV
membrane. We therefore use the E. coli to generate a complex signalling pathway
following a light stimulus.
However, our DNA origami-mediated deformation is still based on their attachment
from the outside. The main reason for this is the fact that we were neither able
to encapsulate a sufficient amount of E. coli to induce sufficient pH gradients nor
to encapsulate a sufficient amount of DNA origami to induce GUV deformation.
These could be overcome by generating E. coli with higher gradients or by finding
ways to concentrate the DNA origami even further. The main difficulty, however,
is the interference of the E. coli themselves with the encapsulation process during
formation of the free-standing GUV. As a consequence, we focused further on easy-
to-encapsulate components like DNA that can also be formed at high concentrations.

4.2.2 DNA filaments as multifunctional cytoskeletons

As DNA origami has to be purified and is typically annealed at concentrations
< 100 nM due to the necessity of a scaffolding strand, we looked out for a differ-
ent DNA cytoskeleton mimic that could also be annealed at higher concentrations
without the need for purification. DNA nanotubes (termed DNA filaments), which
consist of DNA tiles and are 12 nm in diameter as well as up to tens of micrometer
in length fulfill these criteria because of their visual resemblance to microtubules
and the fact that they are made up of only 5 single strands with < 70 bp.
First, we verified that we could incorporate cytoskeletal functions into the DNA fil-
aments within water-in-oil droplets. By incorporating aptamers into the tile struc-
ture, we were able to induce the reversible DNA filament assembly upon addition
of ATP or nucleolin. Moreover, we achieved the same by using toehold-mediated
strand displacement reactions showcasing the applicability of already two orthogonal
triggers for DNA filament assembly. Whereas strand displacement reactions have
already been used for filament disassembly [81], the use of aptamers for this purpose
has never been demonstrated. It also offers the great advantage of using physio-
logical triggers like ATP for DNA filament polymerization, which is also needed for
actin filament polymerization. However, in both cases - aptamer-induced assem-
bly and strand-displacement-induced disassembly - the molecules are still supplied
from the outside. Ideally, one would envision to have an external and non-invasive
stimulus or an autonomously regulated system that does not require the addition of
molecules from the outside. Possible ways to achieve these aims would be the use
of pH- or light-sensitive nucleic acids, an ATP-consuming and replenishing unit or
the use of transcriptional oscillators [121].
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Another key feature of natural cytoskeletons is the ability to transport cargo using
molecular motors. Therefore, we set out to engineer a vesicle transport system along
our DNA filaments based on a burnt-bridge RNase H-dependent mechanism [102].
Previously this mechanism has been shown to propel silica particles [102] or DNA
origami [103] on two-dimensional substrates. However, it was unclear if the same
mechanism could be applied to lipid vesicles with their fluid and diffusive membranes
as well as to the DNA filament geometry. We were not only able to implement this
mechanism but to also integrate it within water-in-oil droplets achieving translo-
cation velocities on the order of µmmin−1. Since this is still far away from the
transport velocities of natural motors, a relevant goal is to increase the transport
velocity even further and to directly track individual SUVs moving along the fila-
ment tracks, which is very difficult in three dimensions due to filament dynamics in
the compartments. Moreover, the motility mechanism still relies on the use of the
enzyme RNase H. An efficient DNA-based or synthetic protein-independent mecha-
nism would therefore be required to build a truly synthetic transport pathway. Even
though there are many efforts in this direction [122–124], it still remains an open
goal to build similarly processive DNA-based motors.
Another goal for improvement would be the replenishment of the filament track after
cargo transport. This could possibly be achieved by using smaller DNA oligomers
that dynamically bind and unbind from the DNA filament. A similar mechanism is
already employed for DNA-based superresolution microscopy (DNA-PAINT). Lastly,
now that these functions are established, it is desirable to transfer them from water-
in-oil droplet into GUVs.
Towards this goal, we used the droplet-stabilized technique to form GUVs that can
selectively encapsulate cargo of choice [25]. In contrast to the encapsulation of pro-
teins, the encapsulation of DNA with this method is straightforward and reliable. In
order to overcome the addition of molecules from the outside into the compartment
as for the aptamer- and strand-displacement-based assembly, we modified the DNA
tile with two light-sensitive azobenzene moieties. Azobenzene, as a light-sensitive
molecular switch, has recently been used throughout various fields and is known for
its efficient photoswitching [125, 126]. We made use of this by reversibly photo-
switching azobenzenes and thereby induce filament disassembly upon light illumi-
nation of the individual GUV. Similar to the use of caged-ATP or light-sensitive E.
coli this gives us a handle on the control of the dynamics within the compartments.
Next, we showcase the broad and easy applicability of our DNA cytoksletons by
binding them to the GUV membrane from within using DNA linkers. Note that if
we would only rely on the use of proteins to, e.g., bind actin to the GUV membrane
this would require dozens of proteins [127]. Thereby, we generate a cortex-like DNA
cytoskeleton that also determines the GUV shape upon deflation. In this regard, it
would be exciting to see if one could also engineer mechanisms for the active defor-
mation of GUVs, like protrusions, that are independent of vesicle deflation.
Finally, we achieved the alignment of DNA filaments into thick and rigid bundles
due to the molecular crowding effect. The DNA bundles consist out of hundreds of
DNA filaments, are longer than individual filaments and have a higher persistence
length. The successful generation of functional DNA structures with this size is
remarkable and reminds of other microscale DNA architectures [128]. By tuning
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the persistence length, the DNA bundles even align along the membrane in ring-like
shapes, which resemble the cytokinetic ring during cell division [129]. However, as
before, the current lack of efficent DNA-based motors to generate sufficient forces
for the sliding, i.e. contraction of these bundles presents a boundary for their further
integration towards diving a synthetic cell with DNA bundles. By improving already
existing DNA origami sliders [130, 131], it might be conceivable that these could be
used to deform GUVs and ultimately lead to fission of the GUV membrane.
Before we can connect the division to an interior cytoskeleton, we therefore have
to find different ways to divide GUVs. That is why we established a mechanism to
divide GUVs based on lipid phase separation and osmotic deflation (Publication 8).
To integrate stimuli-responsiveness, we also developed the concept of osmotic de-
flation upon light-triggered uncaging of bis-(5-carboxymethoxy-2-nitrobenzyl) ether
(CMNB)-fluorescein, which allows to locally trigger the division of a selected GUV.
In this regard, our developed GUV division mechanism also overcomes other con-
cepts based on the division due to changes in the spontaneous curvature of the
membrane, which cannot be triggered locally [132]. However, it remains an open
but exciting challenge on how to connect the deformation and division of GUVs to
the contraction of a DNA-based cytoskeleton.
All in all, we have developed multi-functional DNA cytoskeletons that can not only
mimic features of natural cytoskeletons but can, in principle, even go beyond their
natural counterparts. They possess programmable and biocompatible characteris-
tics that can be used to engineer versatile functions within synthetic cells. In the
future, it will be especially exciting to equip the DNA-based cytoskeletons with
molecular motors to achieve the active force generation and contraction inside con-
finement. With this in my mind, DNA cytoskeletons are a powerful addition to the
toolbox for engineering synthetic cells from the bottom-up and provide the potential
for assembling a fully-functional synthetic cell only consisting of de novo assembled
building blocks.

4.2.3 DNA as a tool to study biophysics

So far we have discussed how the engineered natural and synthetic cytoskeletons can
be used for bottom-up synthetic biology. However, we have actually also engineered
functional tools to study basic biophysics of cells.
In Publication 1 we have seen how shape deformation and control over morphology
can be used to study the membrane-to-cortex attachment of natural cells. By design-
ing DNA cytoskeletons - either DNA origami or DNA filaments - that can deform
GUVs we have thus also engineered a tool to control membrane rigidity, shape and
induce membrane curvature. This makes it a very easy-to-use and versatile device
to study biophysical properties of cells. The easy possiblity to functionalize DNA
nanostructures also allows to decorate them with antibodies or relevant molecules
for specific biological processes. This has already been applied to study and control
the activity of specific cell receptors using the defined spatial arrangement of anti-
bodies on DNA origami structures [133]. Moreover, the linkage of DNA nanotubes
to specific receptor sites on cells proves to be promising to engineer biomolecular de-
vices and also to measure stresses on cells [134]. Additionally, already the designed
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DNA linkers to bind the cytoskeletons to the membrane can be used to control cell
adhesion and migration [135]. Going one step further, the transfer of DNA origami
functionalities onto RNA origami might even lead to the cotranscriptional folding
of RNA origami inside the cytosol by themeselves [136]. This would lead the cell to
autonomously generate a tool that could be used for biophysical studies.

4.3 Natural versus synthetic cytoskeletons

In the present PhD thesis we have engineered natural and synthetic cytoskeletons for
their use in bottom-up synthetic biology. Even though both types of cytoskeletons
resemble each other in terms of their functions, there are fundamental differences in
their respective building blocks. The main difference is that natural cytoskeletons,
i.e. actin in this case consist of proteins, which themselves are made up of hundreds
of amino acids that fold into a quaternary structure. Their design and folding is
therefore very complex which makes it difficult to predict and engineer proteins.
Recent progress in the prediction of protein folding, however, may benefit the cause
of engineering natural cytoskeletons from the bottom-up [137]. Moreover, cytoskele-
tal proteins cannot be synthesized, which bears the need of purifying them from
natural cells. This process itself is time-consuming, not a hundred percent exact
and often impossible. On the other hand, the building blocks of DNA cytoskeletons
are only made up of single DNA strands that contain four nucleobases. They can be
synthesized, functionalized and their folding predicted [138]. This helps the cause
of engineering functional structures. In addition, the encapsulation of DNA nanos-
tructures into GUVs is straightforward due to their superior stability over proteins.
However, advances in the field of GUV formation methods, may make this negligible
as they have shown high encapsulation efficiencies for proteins and especially actin
filaments [118].
Another key advantage of the use of proteins over DNA is their efficiency when
it comes to catalytic functionalities. The forces generated by a molecular motor
like myosin are thus still orders of magnitude higher than the one of any DNA
nanostructure. That being said, there are increasing efforts for the development of
DNA-based motors to overcome these limitations. However, for these reasons most
functions that require force generation are still more efficient with using molecular
motors (as we have also seen in Publication 1, 3, 4 and 6). On the contrary, the
huge toolbox of DNA nanotechnology offers great potential for the design of static
nano- and microstructures that can be functionalized in an easy and versatile way.
To summarize, it became clear that it is easier to actively engineer multiple functions
in synthetic cytoskeletons compared to natural ones. However, current limitations in
terms of force generation still suggest the use of natural motors for specific purposes.
With the aim of creating a fully-synthetic cell without any natural components, it
will be exciting to see which solutions will arise for synthetic motors in order to
benefit the cause of engineering a synthetic cell from the bottom-up.
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Chapter 5

Summary

In the present PhD thesis, we have engineered multifunctional cytoskeletons for the
bottom-up construction of synthetic cells. For this purpose, we reconstituted natu-
ral actin filaments and myosin motors to induce GUV deformation, droplet motility
and symmetry-breaking contraction. Thereby, it became clear that it is essential,
yet difficult, to also find means to successfully encapsulate natural cytoskeletons
inside physiologically more relevant GUVs. Surprisingly, we achieved the estab-
lishment of sophisticated functions by only relying on two proteins. However, the
addition of more functions would require the addition of more proteins. Since protein
purification is difficult, we developed a strategy to assemble synthetic DNA-based
cytoskeletons. Additionally, it is conceptually interesting to build materials with
protein-like functionality from entirely different chemical constituents.
By using DNA origami structures that can bind to the GUV membrane and polymer-
ize into even larger sheets, we achieved the sculpting and suppression of membrane
fluctuations of GUVs. Moreover, by including genetically-modified E. coli, the DNA
origami can attach to the membrane following a light-induced pH change. In this
regard, we also investigated the pH-sensitive triplex motif and found that its confor-
mation is significantly influenced by the choice of fluorophore. However, even though
we have integrated cytoskeletal function i.e. the control over cell morphology into
synthetic DNA-based structures, we could not achieve this function inside GUVs
due to low assembly yield of DNA origami and missing ways to encapsulate suffi-
cient amounts. Therefore, we investigated DNA nanotubes (termed DNA filaments)
that consist of only five single strands as a more versatile cytoskeleton mimic.
Having verified the successful encapsulation and assembly of DNA filaments inside
water-in-oil droplets and GUVs, we implemented versatile functions in them. These
include the stimuli-responsive reversible assembly (aptamers, nucleic acids, light),
bundling, GUV deformation and intracellular transport. We therefore presented a
programmable, easy-to-encapsulate, powerful and fully synthetic alternative to the
use of natural cytoskeletons for engineering synthetic cells. Nevertheless, it remains
a challenge to induce active force generation using DNA structures. In order to
couple cytoskeletal features to the compartment division - as a main function of
natural cytoskeletons - we need more powerful DNA motors.
To provide a shortcut towards the aim of compartment division, we implemented
a different approach for the division of GUVs based on lipid phase-separation and

160



Rational engineering of cytoskeletons for synthetic cells

osmotic deflation. We show that we can use evaporation, an enzyme- or light-
mediated osmotic increase to divide GUVs. Ultimately, we envision to couple the
division process, e.g. at the phase boundary, to DNA cytoskeletons via the ring-like
DNA bundles presented in this work.
All in all, we have shown versatile ways to rationally engineer multifunctional nat-
ural and synthetic cytoskeletons for synthetic cells. It became clear that natural
cytoskeletons provide many advantages when it comes to active force generation,
however, DNA cytoskeletons are a strong competitor because of their programmable,
sophisticated and versatile engineerable characteristics. This work therefore paves
the way for the assembly of more complex and potentially fully-synthetic cells with
multifunctional cytoskeletons from the bottom-up.
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∗

1Biophysical Engineering Group, Max Planck Institute for Medical Research,

Jahnstraße 29, D-69120 Heidelberg, Germany

2Department of Physics and Astronomy, Heidelberg University,

D-69120 Heidelberg, Germany

3Department of Cellular Biophysics, Max Planck Institute for Medical Research,

Jahnstraße 29, D-69120 Heidelberg, Germany

4Optical Microscopy Facility, Max Planck Institute for Medical Research,

Jahnstraße 29, D-69120 Heidelberg, Germany

∗

E-mail: kerstin.goepfrich@mr.mpg.de

1



Contents

1 Experimental Methods 5

1.1 Confocal fluorescence microscopy . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Actin polymerization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Heavy meromyosin purification . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Polyacrylamide gel electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 In vitro motility assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.6 Particle image velocimetry analysis . . . . . . . . . . . . . . . . . . . . . . . 7

1.7 Velocity correlation length calculation . . . . . . . . . . . . . . . . . . . . . . 8

1.8 Analysis of actin filament velocity . . . . . . . . . . . . . . . . . . . . . . . . 8

1.9 GUV formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.10 Pulling lipid nanotubes from GUVs . . . . . . . . . . . . . . . . . . . . . . . 9

1.11 STED microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.12 Analysis of lipid nanotube networks for GUVs . . . . . . . . . . . . . . . . . 10

1.13 Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.14 Cell staining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.15 Pulling lipid nanotubes from cells . . . . . . . . . . . . . . . . . . . . . . . . 11

1.16 Analysis of lipid nanotube networks for cells . . . . . . . . . . . . . . . . . . 12

1.17 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.18 Data availability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Supporting Figures 14

Supporting Figure S1: SDS-PAGE of HMM and actin . . . . . . . . . . . . . . . . 14

Supporting Figure S2: Aligned actin filaments can form swirls . . . . . . . . . . . 15

Supporting Figure S3: 2D- and 3D-STED reveals the tubular structures of lipid

nanotubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

Supporting Figure S4: Total number of lipid nanotube branches pulled from GUVs 17

2



Supporting Figure S5: Unspecific interaction of actin and DOPC bilayers in pres-

ence of divalent ions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

Supporting Figure S6: Nanotube networks for different lipid compositions . . . . . 19

Supporting Figure S7: Encapsulated dye permeates into lipid nanotubes of GUVs 20

Supporting Figure S8: Self-assembly of cholesterol-PEG into membranes of different

cell types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Supporting Figure S9: GUVs and cells show little to no movement during the lipid

nanotube pulling assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Supporting Figure S10: Actin filaments are present within lipid nanotubes pulled

from cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Supporting Figure S11: Characterization of actin filaments extending into lipid

nanotubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Supporting Figure S12: Mitochondria and lysosomes do not enter lipid nanotubes

of Jurkat cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Supporting Figure S13: HaCaT cells do not form lipid nanotubes . . . . . . . . . 26

3 Supporting Videos 27

Supporting Video S1: Time series of random actin filaments . . . . . . . . . . . . 27

Supporting Video S2: Time series of aligned actin filaments . . . . . . . . . . . . 27

Supporting Video S3: Time series of aligned actin filament patterns . . . . . . . . 27

Supporting Video S4: Time series of lipid nanotube dynamics after pulling from

GUVs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Supporting Video S5: Time series of lipid nanotube pulling from Jurkat cells . . . 28

Supporting Video S6: Displacement over time of a Jurkat cell during lipid nanotube

pulling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Supporting Video S7: Displacement over time of a GUV during lipid nanotube

pulling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3



Supporting Video S8: 3D projection of Jurkat cells with random actin and biotiny-

lated cholesterol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Supporting Video S9: 3D projection of Jurkat cells with aligned actin and biotiny-

lated cholesterol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Supporting Video S10: 3D projection of Jurkat cells with random actin and no

biotinylated cholesterol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Supporting Video S11: 3D projection of Jurkat cells with aligned actin and no

biotinylated cholesterol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Supporting Video S12: Actin filament dynamics during lipid nanotube pulling of a

Jurkat cell (DOPE-Atto488) . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Supporting Video S13: Actin filament dynamics during lipid nanotube pulling of a

Jurkat cell (SiR-actin) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

References 30

4



1 Experimental Methods

1.1 Confocal fluorescence microscopy

A confocal laser scanning microscope LSM 880 or LSM 900 (Carl Zeiss AG) was used for

confocal imaging. The pinhole aperture was set to one Airy Unit and the experiments were

performed at room temperature. The images were acquired at RT or 30 °C using a 63× oil

immersion objective (Plan-Apochromat 63×/1.4 Oil DIC M27). Images were analyzed and

processed with ImageJ (NIH, brightness and contrast adjusted).

1.2 Actin polymerization

Actin from New Zealand white rabbit skeletal muscle was purified from acetone powder based

on the method of Pardee and Spudich,1 modified after Kron et al.2 To form actin filaments,

we mixed the actin monomers 1/10 with the standard working buffer named 10× Actin Buffer

(AB, containing 250mM imidazol-HCl, 250mM KCl, 10mM EGTA, 40mM MgCl2, pH 7.4)

and 1/10 APB 10× Actin Polymerization Buffer (APB, 20mM Tris-HCl, pH 8, 500mM KCl,

20mM MgCl2, 10mM Na2ATP), to make a 20 µM actin stock. The actin/APB mix was left

at RT to polymerize for 20-30min. Subsequently, 8 units of rhodamine-phalloidin (from

Invitrogen dissolved in MeOH) were added to stabilize the actin filaments after evaporating

half the volume of methanol. Biotinylated actin bFa: G-actin monomers were mixed in a

ratio of 10:1 with biotinylated G-actin (Cytoskeleton, Cat #AB07) and left to polymerize as

described before after addition of 10 µL vaporized rhodamin-phalloidin (8 units) to the 20 µL

actin mix. Biotinylated actin was aliquoted and stored at −80 °C until use. Unlabeled F-

actin FA: G-actin monomers (5mg/ml) were mixed in ABDTT buffer (standard working buffer

supplemented with 20mM DTT) and 1/10 of APB. The solution was left to polymerize for

30min at RT and then kept on ice. Directly before use, the solution was diluted to 1mg/mL

in ABGOC (AB supplemented with 3mg/ml glucose, 0.1mg/mL glucose oxidase, 0.02mg/mL

catalase and 20mM DTT).
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1.3 Heavy meromyosin purification

Myosin isolated from New Zealand white rabbit skeletal muscle was used to prepare HMM

based on the method of Margossian and Lowey.3 To obtain a highly functional motor driven

motility, we first remove non-functional myosin heads (rigor heads) via an actin affinity

purification.4 In short, the myosin motor fragments (heavy meromyosin, HMM) are mixed

with actin filaments and MgATP in solution, followed by ultracentrifugation at 1× 105 g to

pellet any MgATP insensitive motors together with the actin filaments. The high functional

HMM then is supplemented with 20% sucrose and will be stored at −80 °C until use.

1.4 Polyacrylamide gel electrophoresis

Samples of protein were electrophoresed on a precast gradient SDS-PAGE of 4-12% bis-tris

gel (1mm, NuPage, Invitrogen) according to the Invitrogen protocol. For HMM 5 µg protein

were loaded per lane and for actin 1-7µg protein. The gel was run for 50min at 200V. After

the electrophoresis the gel was stained for 30min with the colloidal Comassie stain ReadyBlue

(Sigma-Aldrich). Imaging was performed with the Azure 600 (Azure Biosystems).

1.5 In vitro motility assay

A thin glass slide (24 x 60mm2, Menzel) was washed with isopropanol in an ultrasonic bath

and dried afterwards. Subsequently, they were dip-coated with 0.3% nitrocellulose solved

in amylacetate and allowed to dry overnight. A second coverslip (18 x 18mm2, Menzel)

was placed on the top of the coated glass slide spaced with two stripes of a double-sided

sticky tape (tesa SE, Germany) to form a flow cell chamber FC with 0.1mm gap and 15µL

volume. The standard working solution (called AB) was prepared as a 10x concentrated

stock solution made of (250mM imidazole-HCl, 250mM KCl, 10mM EGTA, 40mM MgCl2,

pH 7.4). Aliquots of 1ml were stored in −20 °C. On the day of the experiment the 10x

AB stock solution was thawed and the respective supplements were added. We used double
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concentrated AB solutions to match the osmotic conditions of GUVs. To minimize the

contamination with atmospheric oxygen the mixed solutions were degassed in a vacuum

exicator for at least 20min in the cold room. HMM solution (200µg L−1) was infused and

immobilized in the flow cell. After two minutes the unbound HMM was washed off with

2x AB containing 20mM dithiothreitol (DTT, ABDTT) and then the liquid was exchanged

by 2x AB supplemented with bovine serume albumin (BSA) (0.5mg/mL, ABBSA). The

BSA is incubated for two minutes to block binding of labeled actin to the nitrocellulose

surface of the coverslip. The flow cell was then washed with 2x ABDTT. For aligned actin

filaments, F-actin solution (1mg/mL in ABGOC) was washed in the flow cell for another

two minutes. Unbound F-actin was removed with 2x ABDTT followed by a wash with 2x

ABGOC (AB supplemented with 3mg/ml glucose, 0.1mg/ml glucose oxidase, 0.02mg/ml

catalase, 20mM DTT). GOC substances prevent oxidative stress and photobleaching. The

ATP-containing solution termed ABMC was supplemented with 5mM MgATP, GOC, DTT

and 0.3% methylcellulose (MC). MC was purchased from Sigma Aldrich (4000 cP viscosity

at 2% w/v and a molecular weight of about 500 kDa. Finally, the flow cell was flushed with

the GUV or the cell mixture in the respective experiments.

1.6 Particle image velocimetry analysis

The background of timelapse videos was subtracted. Therefore, the minimal intensity of the

stack was projected and then subtracted using the Calculator Plus plugin in Fiji. Further-

more, images were rotated in a way that actin filaments move from left to right. The individ-

ual images of the stack were loaded into JPIV (https://eguvep.github.io/jpiv/index.html)

run in a Python environment. To obtain the vector field, particle image velocimetry was

performed on consecutive images using first a 64x64 and then a 16x16 pixel interrogation

window with a final vector spacing of 8x8 pixel. The vector fields were batch-filtered by

performing a normalized median test and a median filter, where all invalid vectors were

excluded. These invalid vectors were replaced by the median to obtain the final vector field.
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1.7 Velocity correlation length calculation

A custom-written Python script was used to format the JPIV data for further processing.

The velocity correlation length of the actin fibers was calculated in MATLAB using a script

described elsewhere.5,6 In brief, the displacement vectors were divided by the time difference

between the two images from which they were generated, resulting in the velocity vector

ri,j, which was assigned to the central coordinate (i,j) of each 8x8 window. Since the axial

movement is the dominant direction in the described experimental setup, only the lateral

component Ui,j, perpendicular to the movement direction was used to calculate the velocity

fluctuations ui,j as:

ui,j = Ui,j −
∑

i=1,m

∑

j=1,n

Ui,j

m× n
= Ui,j −Umean

Umean is the mean velocity. The lateral correlation function Cr was calculated as:

Cr =
⟨u(r′) ∗ u(r′ + r)⟩r′√
⟨u(r′)2⟩ ∗ ⟨u(r′ + r)2⟩

⟨. . .⟩ is the average and r = ∥ri,j∥ is the norm of ri,j. The first crossing of the threshold 0.01

with the lateral correlation function Cr was defined as the velocity correlation length.

1.8 Analysis of actin filament velocity

Moving actin filaments were recorded as a time-lapse and tracked using ImageJ plugins: A

classifier in the Trainable Weka Segmentation plugin7 was trained to detect filaments and

create a binary map of well defined particles against the background. This improves the

ability of the Trackmate plugin8 to correctly identify, track and return the trajectories of

the individual particles. For each trajectory the magnitude of the average velocity vector

and the orientation, i.e. the argument of the end-to-end vector were calculated. To display

the data in a rose plot the trajectories were binned first by their argument and then within
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these bins by the magnitude of their average velocity vector. The rose plots were generated

using the plotly library (v4.14.3) for python (v3.7.4).

1.9 GUV formation

Giant unilamellar vesicles were prepared using the electroformation method9 using a Vesi-

clePrepPro device (Nanion Technologies GmbH). 40µL of 5mM lipid mix (containing 99%

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1% 1,2-dioleoyl-sn-glycero-3-phospho

ethanolamine-Atto488 (Atto488-PE)) in CHCl3 were homogeneously spread on the conduc-

tive side of an indium tin oxide (ITO) coated glass slide (Visiontek Systems Ltd). After

evaporating the chloroform for 20min under vacuum, a rubber ring was placed on the lipid-

coated ITO slide and filled with 275 µL of 300mM sucrose solution to match the omsolarity

of the double-concentrated AB buffer. The second ITO slide was put on top and the cham-

ber connected to the electrodes of the VesiclePrepPro. An AC field (3V, 5Hz) was applied

via the electrodes for 138min while the solution was heated to 37 °C. GUVs were collected

immediately after electroformation and stored at 4 °C for up to 7 days.

1.10 Pulling lipid nanotubes from GUVs

In order to pull lipid nanotubes from GUVs, 10µL biotinylated GUVs were incubated for

1min with 2 µL streptavidin (final concentration 90 nM, Sigma Aldrich) and 0.4 µL biotiny-

lated F-actin filaments (bFa*, final concentration 20 nM). Subsequently, they were mixed

with 3.1 µL methylcellulose (final concentration 0.31w/v%), 1µL MgATP (final concentra-

tion 5mM) and 3.5 µL ABMC. Afterwards the solution was flushed immediately into the flow

cell, which was sealed with two-component glue.
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1.11 STED microscopy

Lipid nanotubes were imaged on an Abberior expert line (Abberior Instruments GmbH,

Germany) with a pulsed STED line at 775 nm using an excitation laser at 640 nm and spectral

detection. The detection window was set between 650–750 nm to detect Atto633-labeled

lipid nanotubes. Images were acquired with a 100×/1.4 NA magnification oil immersion

lens (Olympus). The pixel size was set to 15-18 nm and the pinhole was set to 0.8AU for

2D-STED and to 0.6AU for 3D-STED. Images were analyzed and processed with ImageJ

(NIH, brightness and contrast adjusted).

1.12 Analysis of lipid nanotube networks for GUVs

GUVs and nanotubes were classified separately using two different classifiers in the trainable

Weka Segmentation plugin. In the segmented image the individual GUVs (imaged cross-

sectional area larger than 6 µm2) are then counted and the nanotubes skeletonized, i.e.

reduced to one-dimensional branches, whose individual lengths can be determined using the

Analyze Skeleton plugin. For each micrograph, the sum of all branch lengths, i.e. the

network length is calculated, omitting branches smaller than 10 µm to exclude artefacts.

The network length is divided by the respective number of GUVs to obtain the normalized

network length per GUV for one micrograph, from which the average and standard deviation

displayed in the text were calculated.

1.13 Cell culture

Jurkat cells (clone E6.1) were cultured in suspension in Roswell Park Memorial Institute 1640

Medium supplemented with GlutaMaxTM, (RPMI 1640, ThermoFisher Scientific) 1% peni-

cillin/streptomycin (ThermoFisher Scientific) and 10% fetal bovine serum (Sigma Aldrich) at

37 °C and 5% CO2 atmosphere. Cells were passaged by transferring 10ml of cell suspension

to 30ml of fresh cell culture medium every 2-3 days. HaCaT and NIH3T3 cells were cul-
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tured in Dulbecco‘s Modified Eagle Medium supplemented with GlutaMaxTM (DMEM, Ther-

moFisher Scientific), 1% penicillin/streptomycin and 10% fetal bovine serum or 10% FBS

South American HI (ThermoFisher Scientific) at 37 °C and 5% CO2 atmosphere and passaged

at approximately 80% confluency by 0.05% trypsin/EDTA treatment. J774A.1 macrophages

were cultured in Dulbecco‘s Modified Eagle Medium supplemented with GlutaMaxTM and

10% fetal bovine serum at 37 °C and 5% CO2 atmosphere. Subcultures were prepared by

scraping and transferring 10ml of cell suspension to 30ml of fresh cell culture medium every

3-4 days. Approximately 250 000 cells/ml were used for the experiments.

1.14 Cell staining

For the staining of the plasma membrane Wheat Germ Agglutinin conjugates (Thermo Fisher

Scientific) were added at a final concentration of 10µg/ml to the respective cells. In order

to stain the actin filament a final concentration of 10 µM verapamil and 1µM SiR-Actin

(SpiroChrome) was added to the cells. Nih3T3 fibroblasts were treated with a final con-

centration of 0.2 µgmL−1 Latrunculin A (Enzo Life Sciences) and incubated for 1 h. For

the co-culture experiments Jurkat cells were either stained with CellTracker blue CMHCTM

(ThermoFisher Scientific), at final concentration of 20 µg/ml, or Wheat Germ Agglutinin

Alexa FluorTM 647 conjugate as described above. In order to evaluate the cell viability

propidium iodide (ThermoFisher Scientific) was added at a final concentration of 1.5 ng/ml

to the Jurkat cell suspension. Lysosomes were stained using LysoTracker Green DND-26

(ThermoFisher Scientific) at a final concentration of 75 nM. For the staining of mitochon-

dria MitoTracker FM green (ThermoFisher Scientific) was added at a final concentration of

500 nM to the cells.

1.15 Pulling lipid nanotubes from cells

Lipid nanotubes were pulled from cells at comparable cell densities around 1 × 106 cell/ml.

98.5 µL of the cell suspension in medium was incubated for 10min with 1µL cholesterol-
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PEG-biotin (10mM, Nanocs) and 0.5 µL membrane staining wheat germ agglutinin conju-

gated with Alexa488 (WGA-Alexa488). After the incubation, 5 µL of the suspension was

mixed with 2µL bFa* (final concentration 100 nM), 1 µL streptavidin (final concentration

910 nM), 1 µL MgATP (final concentration 5mM), 3.1 µL methylcellulose (final concentra-

tion 0.31 s/v% and 7.9 µL ABMC. Afterwards the solution was flushed immediately into the

flow cell, which was sealed with two-component glue.

To test the self-assembly of cholesterol-PEG into the cell membrane, we incubated 99µL of

the cell suspension for 10min with 1 µL Chol-PEG-FITC (10mM, Nanocs).

1.16 Analysis of lipid nanotube networks for cells

Micrographs containing several cells were cropped, so that one image contains only a single

cell. The trainable Weka Segmentation classifier was trained to separate protrusions extend-

ing into the periphery of the cell from the cell itself and the background. For each cell type,

an individual classifier was trained. Again, the branch lengths of the lipid nanotubes were

determined by skeletonization. For the branches a cut-off of 2.5 µm was chosen to only con-

sider nanotubes and no natural cell protrusions like lamellipodia. For each cell the network

length was determined and the averages and standard deviations were calculated for each

cell type.

1.17 Statistical analysis

All the experimental data is reported as mean ± SD from n experiments. The respective

value for n is stated in the corresponding figure captions. All experiments were repeated at

least twice. To analyze the significance of the data, a Student’s t-test with Welch’s correction

was performed using Prism GraphPad (Version 9.1.2) and p-values correspond to ****: p ≤

0.0001, ***: p ≤ 0.001, **: p ≤ 0.01, *: p ≤ 0.05 and ns: p ≥ 0.05.
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1.18 Data availability

The datasets generated during and analyzed during the current study are available from the

corresponding author on reasonable request.

13



2 Supporting Figures

Supporting Figure S1: SDS-PAGE of HMM and actin

Figure S1: Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) of HMM and actin
after purification. HMM: The strong band at 225 kDa indicates the successful HMM purifi-
cation including the light chains between 15 and 25 kDa. The actin band at 42 kDa results
from remnants of the actin affinity purification. Actin: All actin samples show a strong band
at 42 kDa. These include two batches of purified actin (1/21 and 2/20) used for this study,
polymerized biotinylated actin filaments (bfA*), pure biotinylated actin monomers (bA) and
polymerized actin filaments without biotin (fA*).
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Supporting Figure S2: Aligned actin filaments can form swirls

Figure S2: Aligned actin filaments can form swirls. Confocal image of aligned actin filaments
(labeled with Rhodamine B, λex = 561 nm) after 1 h of incubation. Occasionally, aligned
actin filaments form swirl-like patterns such that the global direction of the motion is chang-
ing.10 Scale bar: 50 µm.
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Supporting Figure S3: 2D- and 3D-STED reveals the tubular struc-

tures of lipid nanotubes

Figure S3: 2D- and 3D-STED reveals the tubular structures of lipid nanotubes. a 2D- and
3D-STED images of lipid nanotubes pulled from GUVs (membrane labeled with DOPE-
Atto633, λex = 640 nm) depict the hollow tubular structure of lipid nanotubes. Scale bars:
i, ii, iii - 200 nm, iv - 500 nm. b Line profiles (pixel width: 18 nm) across lipid nanotubes
as indicated in a. The intensity profiles were fitted with gaussian fits at the position of
the bilayer, which reveal lipid nanotube diameters of 463 nm (i), 362 nm (ii), 197 nm (iii)
and 189 nm (iv), which were calculated as the difference of the position of the gaussian fit
maxima.
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Supporting Figure S4: Total number of lipid nanotube branches

pulled from GUVs

Figure S4: Total number of lipid nanotube branches pulled from GUVs. The number of
branches (edge connecting two nodes of a network) increases with the presence of 20%
biotinylated lipids and is generally higher for aligned actin filaments. The high amount
of branches for 0% biotinylated lipids and aligned filaments can be attributed to the high
amount of unlabelled F-actin present in the assay to induce the alignment which promotes
unspecific interactions of actin filaments with the GUV membrane. This may be enhanced
by the presence of divalent ions in the final buffer.11
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Supporting Figure S5: Unspecific interaction of actin and DOPC

bilayers in presence of divalent ions

Figure S5: Unspecific interaction of actin and DOPC bilayers in presence of divalent ions.
Confocal images of giant unilamellar vesicles (green, membrane labeled with DOPE-488,
λex = 488 nm) in presence of 0 or 5mM MgCl2 and 20 or 200 nM filamentous actin (orange,
labeled with rhodamine, λex = 561 nm), respectively. As visible in the confocal images di-
valent ions increase the amount of unspecific actin filament binding to the GUV membrane.
Additionally, high actin concentrations lead to interactions with the membrane. This ex-
plains the presence of lipid nanotubes for aligned actin filaments and GUVs containing 0%
biotinylated lipids. Scale bar: 10 µm.
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Supporting Figure S6: Nanotube networks for different lipid com-

positions

Figure S6: Nanotube networks can be achieved for biotinylated GUVs with different lipid
compositions for random and aligned actin filaments. a 89% DOPC, 11% DOPE; b 44.5%
DOPC, 11% DOPE, 44.5% cholesterol; c 33% DOPC, 42% DOPE, 25% cholesterol. Scale
bar: 40 µm. d Mean network length (sum of all branch lengths belonging to one network)
with standard error of mean for different lipid compositions. For all conditions, the network
length is on average larger when aligned actin filaments (right bar, respectively) are used
compared to random filaments (left bar, respectively). Furthermore, the lipid composition
seems to influence the network length, whereby increased cholesterol content leads to a
decrease in the network length.
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Supporting Figure S7: Encapsulated dye permeates into lipid nan-

otubes of GUVs

Figure S7: Encapsulated dye permeates into lipid nanotubes of GUVs. Confocal images of
a GUV (membrane labeled with Atto488-DOPE, λex =488 nm) with an encapsulated dye
(Alexa Fluor 647-NHS ester, λex =640 nm). After nanotube formation the encapsulated dye
is also visible within the lipid nanotubes. Scale bar: 20 µm.
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Supporting Figure S8: Self-assembly of cholesterol-PEG into mem-

branes of different cell types

Figure S8: Self-assembly of cholesterol-PEG into membranes of different cell types.
Cholesterol-PEG-FITC inserts equally well into the membranes of all cell types used in
this study. This verifies the successful functionalization with biotinylated cholesterol. a
Confocal images of the equatorial plane of the different cell types as indicated. Scale bar:
10 µm. b Average intensities of the fluorescence captured from the equatorial plane of each
individual cell type (n ≥ 16), normalized to the minimal fluorescence intensity.
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Supporting Figure S9: GUVs and cells show little to no movement

during the lipid nanotube pulling assay

Figure S9: GUVs and cells show little to no movement during the lipid nanotube pulling
assay. GUV (a, membrane labeled with DOPE-488, λex = 488 nm)) and Jurkat cell (b,
membrane labeled with WGA-Alexa488, λex = 488 nm) during actom-myosin assisted lipid
nanotube formation. Over the time course of seconds to minutes there little to no movement
with an mean squared displacement of 2.9 µm or 1.3 µm of the lipid vesicles or cell center,
respectively, during nanotube formation (network length>100µm and>40 µm, respectively).
The trajectories of the lipid vesicle and the Jurkat cell (violet circle) were tracked with ImageJ
(Trackmate12) and are shown as red lines in the confocal images. Scale bar: 10µm.
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Supporting Figure S10: Actin filaments are present within lipid

nanotubes pulled from cells

Figure S10: Actin filaments are present within lipid nanotubes pulled from cells. a,b
Overview (a) and zoomed (b) confocal fluorescence images of Jurkat cells (membrane labeled
with WGA-Alexa488, λex = 488 nm), extracellular actin filaments (labeled with Rhodamine
λex = 561 nm) and intracellular actin filaments (labeled with Silicon-Rhodamine Actin λex =
640 nm). Actin filaments are dragged into the lipid nanotubes. Scale bars: 20µm and 5µm.
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Supporting Figure S11: Characterization of actin filaments extend-

ing into lipid nanotubes

Figure S11: Characterization of actin filaments extending into lipid nanotubes. a Confocal
image of a Jurkat cell (membrane labeled with WGA-Alexa488, λex = 488 nm) and cellular
actin (red, labeled with SiR-actin λex = 640 nm) after acto-myosin assisted pulling of lipid
nanotubes. Scale bar: 10µm. b Length of eleven lipid nanotubes (green) and actin filaments
(red) within the lipid nanotube. The corresponding nanotubes are marked in a. c Fraction
of actin filament over lipid nanotube length (the black line indicates the median, n=11).
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Supporting Figure S12: Mitochondria and lysosomes do not enter

lipid nanotubes of Jurkat cells

Figure S12: Mitochondria and lysosomes do not enter lipid nanotubes of Jurkat cells. a,
b Confocal images of Jurkat cells (membrane labeled with WGA-Alexa647, λex = 647 nm)
stained for mitochondria (a, labeled via LysoTracker green DND-26, λex = 488 nm) and
lysosomes (b, labeled via MitoTracker FM green, λex = 488 nm). Scale bar: 10 µm.
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Supporting Figure S13: HaCaT cells do not form lipid nanotubes

Figure S13: HaCaT cells do not form lipid nanotubes. Confocal image of HaCaTs in presence
of 25 µM biotinylated cholesterol and aligned actin filaments on an HMM-coated substrate.
Under these conditions we did not observe the formation of lipid nanotubes for Jurkat cells.
Scale bar: 50 µm.
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3 Supporting Videos

Supporting Video S1: Time series of random actin filaments

Confocal time series of rhodamine-labeled actin filaments (λex = 561 nm) in an in vitro

motility assay over the course of 40 s. Actin filaments move randomly without preferred

orientation.

Supporting Video S2: Time series of aligned actin filaments

Confocal time series of rhodamine-labeled aligned actin filaments (λex = 561 nm) in an in

vitro motility assay over the course of 40 s. Actin filaments move parallel to each other in

one preferred direction.

Supporting Video S3: Time series of aligned actin filament patterns

Confocal time series of rhodamine-labeled aligned actin filament patterns (λex = 561 nm)

in an in vitro motility assay over the course of 10min. Occasionally, aligned actin filament

patterns emerge that form and move around local vortices. Scale bar: 50 µm.

Supporting Video S4: Time series of lipid nanotube dynamics after

pulling from GUVs

Confocal time series of GUVs (membrane labeled with Atto488-DOPE, λex = 488 nm) func-

tionalized with biotinylated lipids depicting the dynamics of lipid nanotubes over time at

the substrate interface. Scale bar: 50µm.
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Supporting Video S5: Time series of lipid nanotube pulling from

Jurkat cells

Confocal time series of Jurkat cells (membrane labeled with WGA-Alexa488, λex = 488 nm)

functionalized with biotinylated cholesterol depicting the pulling of lipid nanotubes over time

at the substrate interface. Scale bar: 50 µm.

Supporting Video S6: Displacement over time of a Jurkat cell dur-

ing lipid nanotube pulling

Confocal time series of a Jurkat cell (membrane labeled with WGA-Alexa488, λex = 488 nm)

during lipid nanotube formation. There is almost no displacement of the cell (indicated as

red line) over the time course of imaging. Scale bar: 10 µm.

Supporting Video S7: Displacement over time of a GUV during

lipid nanotube pulling

Confocal time series of a GUV (membrane labeled with DOPE-Atto488, λex = 488 nm)

during lipid nanotube formation. There is almost no displacement of the cell (indicated as

red line) over the time course of imaging. Scale bar: 10 µm.

Supporting Video S8: 3D projection of Jurkat cells with random

actin and biotinylated cholesterol

Confocal 3D projection of a Jurkat cell (membrane labeled with WGA-Alexa488, λex =

488 nm) functionalized with biotinylated cholesterol depicting the pulling of lipid nanotubes

at the substrate interface with random actin filaments.
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Supporting Video S9: 3D projection of Jurkat cells with aligned

actin and biotinylated cholesterol

Confocal 3D projection of Jurkat cells (membrane labeled with WGA-Alexa488, λex =

488 nm) functionalized with biotinylated cholesterol depicting the pulling of lipid nanotubes

at the substrate interface with aligned actin filaments.

Supporting Video S10: 3D projection of Jurkat cells with random

actin and no biotinylated cholesterol

Confocal 3D projection of a Jurkat cell (membrane labeled with WGA-Alexa488, λex =

488 nm) functionalized without biotinylated cholesterol depicting no pulling of lipid nan-

otubes at the substrate interface with random actin filaments.

Supporting Video S11: 3D projection of Jurkat cells with aligned

actin and no biotinylated cholesterol

Confocal 3D projection of a Jurkat cell (membrane labeled with WGA-Alexa488, λex =

488 nm) functionalized without biotinylated cholesterol depicting no pulling of lipid nan-

otubes at the substrate interface with aligned actin filaments.

Supporting Video S12: Actin filament dynamics during lipid nan-

otube pulling of a Jurkat cell (DOPE-Atto488)

Confocal time series of a Jurkat cell (membrane labeled with WGA-Alexa488, λex = 488 nm)

during lipid nanotube formation. Scale bar: 10 µm.
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Supporting Video S13: Actin filament dynamics during lipid nan-

otube pulling of a Jurkat cell (SiR-actin)

Confocal time series of a Jurkat cell (membrane labeled with WGA-Alexa488, λex = 488 nm)

during lipid nanotube formation with labeled SiR-actin (corresponding to Video S12). There

does not seem to be any time delay in between the initial lipid nanotube pulling and actin

filament presence within the lipid nanotube. Scale bar: 10µm.
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Supporting Figure 1: Layout of microfluidic device for the encap-

sulation of actin into surfactant-stabilized water-in-oil droplets.

Figure 1: Layout of microfluidic device for the encapsulation of actin into surfactant-
stabilized water-in-oil droplets. The microfluidic PDMS devices (Sylgard184, Dow Corning,
USA) were fabricated according to a previously published protocol. [1] The aqueous phase
contained actin at various concentrations and in some cases MC. The oil phase was made
up of 1.4 wt% block copolymer surfactants in HFE7500 at various Krytox concentrations.
For confocal fluorescence imaging, the droplets were collected from the outlet and sealed in
a simple observation chamber as described previously. [2]
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Supporting Figure 2: Fluorination of the glass slide leads to a

rolling motion of actin-containing droplets

Figure 2: Fluorination of the glass slide leads to a rolling motion of actin-containing droplets.
Confocal fluorescence time series of microfluidic actin-containing (labeled with Rhodamine-
Phalloidin, λex =561 nm) droplets with 0.04 mM Krytox in the oil phase in presence of 0.4 %
MC. The coverslide was fluorinated to induce friction at the droplet-glass interface. Actin-
containing droplets exhibit a translational rolling motion with an average velocity of 0.061
± 0.014 rot/h. The displacement of a respective droplet is indicated with dashed lines and
time points indicated. Scale bar: 20 µm.
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Supporting Note 1: Rotational diffusion coefficient

The rotational diffusion coefficient can be calculated using the Einstein-Smoluchowski rela-

tion via:

Dr =
kBT

fr
, (1)

with the Boltzmann constant kB, temperature T and the frictional drag coefficient fr. For

a spherical object the frictional drag coefficient is given by:

fr = 8πµρr3, (2)

in a solution with density ρ, kinematic viscosity µ and a sphere of radius r. Assuming a

droplet radius of 20 µm and that the kinematic viscosity at the boundary is not significantly

higher than in bulk, this yields a rotational diffusion coefficient of

Dr =
kBT

8πµρr3
= 1.63 · 10−5/s = 0.059/h, (3)

for T=295 K, µ=0.77 mm2/s and ρ=1614 kg/m3 as physical properties of HFE 7500. Thus,

the observed rotational motion of actin-containing droplets, which was found to be 1.7 ±

0.5 rot/h, exceeds the rotational diffusion coefficient by a factor of 28.
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Supporting Video 1: Actin adsorbs at the droplet periphery in

presence of 5.04 mM Krytox

Confocal fluorescence time series of microfluidic actin-containing (labeled with 1% Alexa568,

λex =561 nm) droplets with 5.04 mM Krytox in the oil phase. Actin adsorbs at the droplet

interface due to interaction with Krytox. Furthermore, the fluorescence signal of actin on the

droplet interior is decreasing and losing its fibrous structure. The loss of fibrous structures

at high Krytox concentration can be attributed to depolymerization and denaturation of

actin at low pH values. Additionally, agglomerates of fluorescent actin particles can be

detected in the oil phase, unambiguously confirming that there is a leakage of actin from the

droplets.Scale bar: 30 µm.

Supporting Video 2: Actin-containing droplets exhibit rotational

motility in presence of 0.04 mM Krytox

Confocal fluorescence time series of microfluidic actin-containing (labeled with 1% Alexa568,

λex =561 nm) droplets with 0.04 mM Krytox in the oil phase . 96 % of the observed droplets

(n=57) display more than 0.5 rot/h. Scale bar: 30 µm.

Supporting Video 3: Actin-containing droplets do not exhibit ro-

tational motility in presence of 0.54 mM Krytox

Confocal fluorescence time series of microfluidic actin-containing (labeled with 1% Alexa568,

λex =561 nm) droplets with 0.54 mM Krytox in the oil phase. None of the observed droplets

(n=?) displays more than 0.5 rot/h. This can be explained by depolymerization and denat-

uration of actin at low pH values due to Krytox at the interface and thus homogenous actin

spreading at the droplet interface. Scale bar: 30 µm.
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Supporting Video 4: Actin-containing droplets do not exhibit ro-

tational motility in presence of 1.04 mM Krytox

Confocal fluorescence time series of microfluidic actin-containing (labeled with 1% Alexa568,

λex =561 nm) droplets with 1.04 mM Krytox in the oil phase. None of the observed droplets

(n=?) displays more than 0.5 rot/h. This can be explained by depolymerization and denat-

uration of actin at low pH values due to Krytox at the interface and thus homogenous actin

spreading at the droplet interface. Scale bar: 30 µm.

Supporting Video 5: Actin-containing droplets do not exhibit ro-

tational motility in presence of F6H8 oil

Confocal fluorescence color-coded time series of microfluidic actin-containing (labeled with

Rhodamine-Phalloidin, λex =561 nm) droplets with F6H8 as oil phase. None of the observed

droplets (n=6) displays rotational motion. This can be explained by the fact that Krytox

(as the driving force for Marangoni flows) does not dissolve in F6H8. Scale bar: 50 µm.
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Supporting Figure 1: Methylcellulose bundles and crosslinks actin

filaments

Supporting Figure 1: Methylcellulose bundles and crosslinks actin filaments. Confocal flu-
orescence image of actin (red, λex =647 nm) after addition of 0.4 % methylcellulose. Scale
bar: 50 µm. Note that this image was taken close to the coverslide.
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Supporting Figure 2: Actin bundle formation is independent of

ATP addition

Supporting Figure 2: Methylcellulose bundles and crosslinks actin filaments with and without
added ATP. Confocal fluorescence image of actin (orange, λex =561 nm) after addition of
0.4 % methylcellulose with (a) µM traces of ATP (from actin-storage buffer) and (b) 1 mM
ATP. Scale bar: 50 µm.
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Supporting Figure 3: Actomyosin contraction requires methylcel-

lulose

Supporting Figure 3: Methylcellulose is required for the contraction of actomyosin networks
with HMM-coated beads. Confocal fluorescence images of actin filaments (red, λex514 nm,
top row) in absence of methylcellulose and corresponding brightfield images depicting HMM-
coated beads (bottom row). a Actomyosin-network before and after ATP release by 405 nm
illumination. HMM-coated beads do not exhibit any movement before ATP release. At
t = 0 min ATP was released by illumination with 405 nm for 5 s. Afterwards, most of the
HMM-coated beads remain static even after 5 min observation (indicated with black arrows),
whereas only very few HMM-beads exhibit motion along the actin network (indicated with
red arrow). Scale bar: 20 µm. b Close up image of a single HMM-coated bead. The bead is
covered with an actin filament, inhibiting successful force exertion. Scale bar: 2 µm.
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Supporting Figure 4: Soluble HMM does not induce actomyosin

contraction

Supporting Figure 4: Soluble HMM does not induce actomyosin contraction. Confocal
fluorescence images of actin filaments (red, λex514 nm) in presence of 130 nM soluble HMM
instead of HMM-coated beads. Actin-network before and after ATP release by 405 nm
illumination. At t = 0 min ATP was released by illumination with 405 nm for 5 s. The
actin filaments remain static for the whole observation period indicating that soluble HMM
does not induce actomyosin-contraction. Scale bar: 100 µm
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Supporting Figure 5: Denaturating polyacrylamide gel electrophore-

sis to probe HMM-functionalization of polystyrene beads

Supporting Figure 5: Denaturating polyacrylamide gel electrophoresis (PAGE) to prove
HMM-functionalization of polystyrene beads. Denaturating PAGE (running conditions: 4-
12 % polyacrylamide (Thermo Fisher), 200 V, 35 min) of pure HMM in actin buffer (L2),
HMM-coated beads before washing (L3), HMM-coated beads after washing (L4), supernatant
after centrifugation (L5) and washing buffer (L6). HMM and BSA can only be found on the
beads and not in the supernatant even after washing, indicating successful functionalization
of the polystyrene beads with HMM as well as bovine serum albumin (BSA, MW: 67 kDa).
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Supporting Figure 6: Blebbistatin inhibits actomyosin contraction

Supporting Figure 6: HMM-inhibition prevents actomyosin network contraction. Confocal
fluorescence images of actin filaments (red, λex514 nm, top row) and corresponding brightfield
images depicting HMM-coated beads (bottom row). HMM-beads were incubated with 50 µM
blebbistatin for 10 min before acquisition. Actomyosin-networks are shown 5 min before and
after ATP release by 405 nm illumination. At t = 0 min ATP was released by illumination
with 405 nm for 5 s. All HMM-coated beads remain static (exemplary beads indicated with
black arrows) during the whole observation period. This proves that actomyosin contraction
is solely based on HMM activity after ATP release and that in our case illumination for
5 s with light below 488 nm does not lead to sufficient photoinactivation of blebbistatin to
generate bead motility. Scale bars: 50 µm
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Supporting Figure 7: Estimated number of HMM-beads per droplet
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Supporting Figure 7: Estimated number of HMM-coated beads as a function of droplet
radius. The upper limit was calculated assuming no loss during the coating procedure. We
expect the loss of beads during the production process to be below 20 %. Therefore, the
lower limit assumes a loss of 20 % of beads and depends on the volume of used beads (either
10 µL or 20 µL). A typical droplet with a radius of 30 µm hence contains roughly around 90
beads, consistent with microscopy observations. We found this to be suitable for efficient
contraction, whereas no contraction is observed if significantly less beads are encapsulated.
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Supporting Figure 8: Layout of the microfluidic device

Supporting Figure 8: Layout of the microfluidic device for the production of surfactant-
stabilized water-in-oil droplets. Device with one oil inlet and one aqueous inlet for the
encapsulation of actin, HMM-beads, caged ATP and DNA linkers. The microfluidic PDMS
(Sylgard) devices were produced as described previously.1 For confocal fluorescence imaging,
droplets were collected from the outlet.
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Supporting Figure 9: Encapsulation of actin and HMM-beads into

surfactant-stabilized water-in-oil droplets

Supporting Figure 9: Encapsulation of actin and HMM-beads into surfactant-stabilized
water-in-oil droplets. Confocal fluorescence z-projections of actin (red, λex =647 nm) and
HMM-coated beads (green, λex =488 nm) as well as brightfield and composite images. Actin
filaments and HMM-coated beads form minimal actomyosin networks that spread the whole
cell-sized confinement. Scale bars: 20 µm.
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Supporting Figure 10: Symmetric contraction of actomyosin net-

works in cell-sized confinement

Supporting Figure 10: Symmetric contraction of actomyosin networks in cell-sized confine-
ment. Confocal fluorescence images of actin filaments (red, λex =647 nm) and HMM-coated
beads (green, λex =488 nm) encapsulated into water-in-oil droplets before and after illumina-
tion with blue light. Before ATP-release the minimal actomyosin network is homogeneously
distributed in the droplet. After ATP-release the minimal actomyosin network contracts
towards the droplet center. Scale bar: 50 µm.
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Supporting Figure 11: Contraction of actomyosin networks with

high actin concentration in cell-sized confinement

Supporting Figure 11: Contraction of actomyosin networks with high actin concentration
(20 µM) in cell-sized confinement. a) Confocal fluorescence images of actin filaments (red,
λex =647 nm) and HMM-coated beads (green, λex =488 nm) encapsulated into water-in-oil
droplets as well as brightfield images before illumination with blue light. Before ATP-
release, the minimal actomyosin network is homogeneously distributed in the droplet. b)
Confocal fluorescence images of actin filaments (red, λex =647 nm) and HMM-coated beads
(green, λex =488 nm) encapsulated into water-in-oil droplets as well as brightfield 10 min after
illumination with blue light. After ATP-release, the minimal actomyosin network contracts
only slightly, likely due to steric hindrance caused by the dense surrounding network of actin
filaments. Scale bars: 100 µm.
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Supporting Figure 12: Symmetric contraction of actomyosin net-

works in cell-sized confinement with high bead density

Supporting Figure 12: Symmetric contraction of actomyosin networks in cell-sized confine-
ment. a) Schematic illustration of actin filaments, HMM-beads and NPE-caged ATP inside
water-in-oil droplets before illumination with blue light. b) Confocal fluorescence images of
actin filaments (red, λex =647 nm) and HMM-coated beads (green, λex =488 nm) encapsu-
lated into water-in-oil droplets as well as brightfield and composite images before illumination
with blue light. Before ATP-release the minimal actomyosin network is homogeneously dis-
tributed in the droplet. c) Schematic illustration of actin filaments and HMM-beads inside
water-in-oil droplets after illumination with blue light. d) Confocal fluorescence images of
actin filaments (red, λex =647 nm) and HMM-coated beads (green, λex =488 nm) encap-
sulated into water-in-oil droplets as well as brightfield and composite images 6 min after
illumination with blue light. After ATP-release the minimal actomyosin network contracts
towards the droplet center. Scale bar: 20 µm. Note that compared to Figure 3 in the main
text, we here encapsulated a higher number of beads.
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Supporting Table 1: DNA sequences

Supporting Table 1: DNA sequences for linking actin to the droplet periphery. All sequences
were ordered from Integrated DNA Technologies, Inc., and HPLC purified.

# DNA sequence

1 5’/ACCAGACAATACCACACAATTTT/3’CholTEG/
2 5’Cy3/ACCAGACAATACCACACAATTTT/3’CholTEG/

3
5’Cy5/TTCTCTTCTCGTTTGCTCTTCTCTTGTGTGGTATT

GTCTAAGAGAAGAGTT/3’BioTEG/
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Supporting Figure 13: Denaturating polyacrylamide gel electrophore-

sis to prove actin functionalization with biotin-streptavidin

Supporting Figure 13: Denaturating polyacrylamide gel electrophoresis to prove actin func-
tionalization with biotin-streptavidin. Denaturating PAGE (running conditions: 4-12 %
polyacrylamide, 200 V, 35 min) of actin functionalized with biotin-streptavidin (for details
see Material and Methods) (L2), the supernatant containing surplus streptavidin (L3) and
pure actin monomers (L4). Biotinylated actin (MW: 42 kDa2) could be purified via centrifu-
gation after polymerization from surplus streptavidin (L2) which is found in the supernatant
solution (L3).
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Supporting Figure 14: Cholesterol-tagged DNA self-assembles at

the droplet periphery

Supporting Figure 14: Cholesterol-tagged DNA self-assembles at the droplet periphery
in presence of minimal actomyosin networks. Confocal fluorescence images of actin (red,
λex =647 nm) and Cy3-labeled cholesterol-tagged DNA (orange, λex =561 nm) as well as
brightfield and composite images. Cholesterol-tagged DNA can be used as a functional
anchor to link actin to the droplet periphery via biotin-streptavidin linkage.3 Scale bars:
100 µm.
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Supporting Figure 15: DNA-linker-mediated symmetry break of

minimal actomyosin cortices in cell-sized compartments

Supporting Figure 15: DNA-linker-mediated symmetry break of minimal actomyosin cortices
in cell-sized compartments. a,b) Confocal fluorescence images of actin filaments (color-coded
z-projection, λex =561 nm) and HMM-coated beads (color-coded z-projection, λex =488 nm)
immediately after illumination with blue light (a) and 8 min after illumination. Only the
right half of the field of view (indicated by the white dotted line) was illuminated for 5 s
(λex =405 nm). The minimal actomyosin cortices in the illuminated area contract towards
the periphery of the droplet whereas there is no contraction in the rest of the confocal frame.
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Supporting Figure 16: Actomyosin networks contract to the droplet

periphery

Supporting Figure 16: Confocal fluorescence images of the actomyosin network within a
representative symmetry-broken droplet at different axial positions. Actin filaments (orange,
λex =561 nm) form aster-like structures with aggregated HMM-beads (green, λex =488 nm)
in the contraction center after ATP release. The actomysion network was linked to the
compartment periphery via DNA-linker (red, λex =647 nm). The DNA mainly assembles
at the surfactant layer but shows some unspecific interaction with the HMM-beads. The
composite image illustrates the contact points of the actin aster with the droplet periphery.
Scale bar: 20 µm.
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Supporting Text 1: Hypothesis for the actin aster formation

Actomyosin contraction is mediated by many different processes on the molecular scale.

However, many molecular mechanisms leading to contractile force generation remain not

fully understood.4 Especially in our engineered system composed of actin filaments, HMM-

coated beads, methylcellulose and caged ATP it is challenging to disentangle the complexity

of different mechanisms that can potentially lead to actin aster formation. Nonetheless, we

can deduce some of the most important players which, in combination, result in the contrac-

tile behaviour of our system upon ATP release.

Actin bundles that are formed by crowding agents like methylcellulose or PEG are presumed

to be non-polar.5,6 Takiguchi found that the double-headed HMM is able to induce a sliding

motion of antiparallel actin filaments. He proposed that the interplay of the motor protein

concentration and parallel aligned actin filaments determines whether actin networks elon-

gate or contract. He exemplifies the latter via the observation of actin asters in presence

of 2 mg mL−1 HMM (≈ 13 µM) and 30 µg mL−1 (≈ 0.7 µM). Interestingly, the previously

non-polar actin bundles were now transformed into polar bundles via the proposed sliding

mechanism.7 In our case, the nominal HMM (128 nM on the beads) and actin concentra-

tion (10 µM) differ dramatically from the concentrations used by Takiguchi (myosin head

to actin ratio of 18.5 vs. 0.01). In our revised manuscript, we additionally show that the

same concentration of soluble HMM does not lead to aster formation in our system (see

Comment 3 and Figure Sxx in the revised version of the manuscript). This was also stated

by Takiguchi and shown in Tanaka-Takiguchi (see Figure 4a in their paper).8 Lastly, we do

not see a decrease in actin length or a longitudinal splitting of actin bundles as observed

for the system of Takiguchi. Nonetheless, we still think that sliding of antiparallel actin

filaments and network rearrangement does occur in our system and may even be promoted

by putting HMM on beads. However, the magnitude of the sliding is supposed to be sub-

stantially smaller and for the moment we do not have any evidence for a positive effect of

the beads on aster formation solely based on a sliding mechanism which leads to a complete
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polarization of the actin filaments.

A second mechanism by which actin contractility and formation into asters can be mediated

is polarity sorting. Wollrab et al.4 showed that a disordered actin network can form polar

actin asters by myosin filaments dwelling at the filament end. Interestingly, their system

also contained 0.3 % methylcellulose as a crowding agent. However, in their case it was used

to push actin and myosin to the coverslip and not to bundle the filaments. Nonetheless,

they (and other studies) showed that crosslinking actin filaments promotes long-range aster

formation. They also show that aster formation differs for different motor to actin ratios.

Compellingly, this is in excellent agreement with our results, since a global contraction is

expected for a motor to actin ratio of 0.01 like it is present in our study, whereas a stalled

contraction occurs for a motor to actin ratio of 0.005. This also agrees with our observation

as shown in Supplementary Figure x. In light of these similarities between mechanisms me-

diated by myosin filaments on the one side and beads on the other, it still remains unclear

how this can be achieved from non-polar actin bundles since Wollrab et al. use single actin

filaments. One explanation could be that bundled filaments do have a nematic ordering or

tendency towards one polarisation of actin filaments, which leads to an overall assymmetry

in polarity and hence movement of the HMM-beads.

Lastly, actin contractility could also result from buckling of actin filaments.9 There it was

shown that contraction can be induced via the non-linear response of actin to compression e.g.

mediated by myosin filaments, which lead to filament buckling. The network connectivity

was found to be a main driving factor in determining the scale of contraction. Thus, bundling

of filaments with methylcellulose would, in theory, be capable to increase the length scale of

actin contraction similar to the observed ones in this manuscript. However, bundling also

increases the stiffness of the filaments and therefore hinders bending. This could be overcome

by our HMM-beads, which can mediate high forces through 10× 105 HMM− heads and high

inertia of the bead. This coincides with a theoretical model in which it was shown that high

motor densities can lead to buckling of actin filaments.10
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All in all, from this we can conclude that most likely the actin asters formed by our system

are initally non-polar and tansit into a at least partially polar actin aster predominantly

governed via actin sliding, polarity sorting and buckling. However, the amount to which all

of these mechanisms contribute in detail remains to be investigated in further studies.

Supporting Text 2: Estimation of the passive diffusion of the DNA

linkers

Cholesterol-tagged DNA is diffusive after self-assembly at the surfactant layer.3 To give an

estimate of the displacement over time, we assume two-dimensional diffusion on the spherical

surface. Therefore, we can estimate:

σ =
√

4Dt , (1)

where σ is the distance traveled by the DNA-linker, D the diffusion coefficient of the DNA

linker and t the time. Assuming a droplet with radius r = 30 µm, the circumference of the

equatorial plane yields:

C = 2πr = 190 µm . (2)

The diffusion coefficient of cholesterol-tagged single stranded DNA was previously deter-

mined to be D = 0.41± 0.01 µm2 s−1.3 Inserting this and the time needed for the contraction

of the actin filaments from Figure 4a,b (8 min) into (1), this yields a total distance traveled

by the DNA linker of σ = 28 µm, which is less than 1
6

of the droplet circumference in the

equatorial plane. However, if we calculate the time needed for the DNA linker to travel half

or a quarter of the droplet circumference, as observed in the experiment, this yields 90 min

or 22 min, respectively. Therefore, the DNA-linker have to be pulled by the forces generated

by the rolling motion of the HMM-coated beads within the contracting actomyosin network.
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Supporting Video 1: Growth of actin filaments in bulk in the pres-

ence of methylcellulose

Actin filaments growing in bulk after addition of methylcellulose. Confocal fluorescence

time series of growing actin filaments (red, λex =488 nm) inside an observation chamber.

The addition of methylcellulose mediates the growth and bundling of micrometer-thick and

branched actin networks. Scale bar: 20 µm.

Supporting Video 2: Actomyosin contraction in bulk

Minimal actomyosin networks contracting in bulk after release of ATP induced by 2 s illumi-

nation with light of λex =405 nm. Confocal fluorescence time series of actin filaments (red,

λex =647 nm) and HMM-coated beads (green, λex =488 nm) in bulk. The field of view was

illuminated with λex =405 nm after 24 s. This leads to a movement of HMM-coated beads

and thereby to a contraction of the actin network. Scale bar: 50 µm.

Supporting Video 3: Velocity of HMM-coated beads in bulk

Minimal actomyosin networks contracting in bulk before and after release of ATP induced by

5 s illumination with light of λex =405 nm. After 500 s of observation, the field of view was

illuminated with blue light. This leads to a movement of HMM-coated beads and thereby

to a contraction of the actin network. Scale bar: 100 µm.

Supporting Video 4: Actomyosin contraction in droplets

Minimal actomyosin networks contract to the center of microfluidic droplet after release of

ATP induced by 5 s illumination with light of λex =405 nm (actin concentration: 10 µM).

Confocal fluorescence time series of actin filaments (red, λex =647 nm) and HMM-coated

beads (green, λex =488 nm) in droplet. This leads to a movement of HMM-coated beads

and thereby to a contraction of the actin network to the droplet center. Scale bar: 30 µm.
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On the other hand, minimal actomyosin networks with high actin concentration (20 µM)

contract slowly in microfluidic droplets after release of ATP induced by 2 s illumination with

λex =405 nm. Confocal fluorescence time series of actin filaments (red, λex =647 nm) and

HMM-coated beads (green, λex =488 nm) in droplets. The field of view was illuminated after

37 s with λex =405 nm. This leads to a movement of HMM-coated beads and thereby to a

contraction of the actin network. Scale bar: 50 µm.

Supporting Video 5: Minimal actomyosin networks contract to the

periphery of microfluidic droplet

Minimal actomyosin networks contract to the periphery of microfluidic droplet after re-

lease of ATP induced by 5 s illumination with light of λex =405 nm (actin concentration:

10 µM) in presence of DNA-linkers. Confocal fluorescence time series of actin filaments

(red, λex =647 nm) or HMM-coated beads (green, λex =488 nm) in droplets. This leads to

a movement of HMM-coated beads and thereby to a contraction of the actin network to

the droplet periphery due to the DNA-mediated link and the diffusivity of the DNA in the

droplet periphery. Scale bar: 100 µm.
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Supplementary Figures

Supplementary Figure S1: ssDNA/tsDNA-binding is equilibrated

within the first hour
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Figure 1: ssDNA/tsDNA-binding efficiency remains constant over time. Fluorescence in-
tensity ratio Iperi/Iin of tsDNA inside water-in-oil droplets for ssDNA-Cy3/tsDNA-Atto488
(gray) and ssDNA-Alexa488/tsDNA-Cy5 (black) over the course of 17.5 h. The fluorescence
intensity ratios remain constant over time. This shows that the ssDNA/tsDNA binding
reaches a dynamic steady-state already minutes after the droplet production and importantly
before the imaging. Therefore, all experiments in this manuscript show the equilibrated state
(with the exception of Figure 3, where we induce a pH change). Error bars correspond to
the standard deviation of n=9 droplets.
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Supplementary Figure S2: Fluorophore-tagged ssDNA does not

interact with droplet-stabilizing surfactants

Figure 2: Fluorophore-tagged ssDNA does not interact with droplet-stabilizing surfactants.
Representative confocal images of water-in-oil droplets containing Cy3-(a, λex = 561 nm)
and Cy5-labeled ssDNA (b, λex = 647 nm) without cholesterol-modification at pH8. The
solution contained 20 mM potassium phosphate buffer, 10 mM MgCl2 and 1.5 µM DNA. Scale
bars: 20 µm.
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Supplementary Figure 3: Droplet size does not significantly influ-

ence binding equilibirum

Figure 3: a Water-in-oil droplets of different sizes containing ssDNA and tsDNA-Cy5-3’
(λex =633 nm) at the intermediate pH 6.5. b Corresponding intensity profiles along the
equatorial region for the droplets as indicated by the white dashed line in a. No significant
difference is observed for the intensity distribution of tsDNA-Cy5. Therefore, we can con-
clude that the droplet size does not influence the binding equilibrium of ssDNA and tsDNA
in the size regime of droplet diameters from 25-160 µm.
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Supplementary Figure 4: Polyacrylamide gel electrophoresis (PAGE)

of ssDNA-tsDNA binding

Figure 4: Polyacrylamide gel electrophoresis (PAGE) of ssDNA-tsDNA binding. a Non-
denaturing PAGE of ss- and tsDNA at pH 6.5. The gel was loaded with a low base pair
ladder (L), 4 µM ssDNA (1), 4 µM ssDNA-Cy3 (2), 3 µM tsDNA-Cy5 (3), 4 µM ssDNA and
3 µM tsDNA-Cy5 (4) and 4 µM ssDNA-Cy3 and 3 µM tsDNA-Cy5 (5). The loading buffer
contained 250 mM potassium phosphate and 10 mM MgCl2 as for the results in Figure 1
(main text). The gel was run at 100 V for 90 min and the running buffer contained 0.5x TBE
and 11 mM MgCl2. b Intensity profile of lanes (4) and (5) analyzed using the ImageJ Gel
Analysis tool. The relative amount of unbound ssDNA is higher for the case of Cy3-labeled
ssDNA than for unlabeled ssDNA. Quantifying the peak integrals for the ssDNA-tsDNA
duplex band relative to the ssDNA band shows that a total of 78.7 % of unlabeled ssDNA
is bound to the tsDNA-Cy5, whereas only 62.6 % of the Cy3-labeled DNA is bound to the
tsDNA-Cy5. This serves as an independent confirmation of the observations in the droplet
system presented in in Figure 1 (main text).

7



Supplementary Figure S5: MD simulations suggest that Cy5-labeling

can stabilize more compact ssDNA conformations

Figure 5: A Starting conformation of Cy5-(red) ssDNA (gray). The chemical structure of
the fluorophore and its net charge are shown as an inset. B Probability density distributions
of the gyration radius of ssDNA labeled with Cy5. The shaded area indicates the 95%
confidence interval estimated using bootstrapping (see Methods in the main text). The
black dashed line indicates the mean of the distribution, Tcum the cumulative simulation
time. C Representative structure snapshots of the Cy5-ssDNA. Positions of the selected
snapshots within the corresponding distributions are marked with dots in the probability
density distribution.
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Supplementary Figure S6: pH hysteresis of ssDNA/tsDNA binding

Figure 6: pH hysteresis of ssDNA/tsDNA binding. Fluorescence intensity ratio IPeri/IInner
of tsDNA within water-in-oil droplets at different pH values for different ssDNA/tsDNA
combinations including ssDNA-Cy3/tsDNA-Cy5, ssDNA-Cy3/tsDNA-Atto488 and ssDNA-
Alexa488/tsDNA-Cy5. The tsDNA was incubated with ssDNA for 10 min in 10 mM sodium
phosphate buffer and 20 mM MgCl2 at pH 5 (blue curve), pH 8 (red curve) or directly at the
indicated pH (black). After incubation the solutions were mixed 1:1 with 200 mM phosphate
buffers ranging from pH 5 to 8 and subsequently encapsulated into droplets. The droplets
were sealed in an observation chamber and imaged with confocal fluorescence microscopy.
From these images, the fluorescence intensity ratio IPeri/IInner was extracted. The plots
indicate that the duplex dissociation happens at lower pH values compared to the duplex
formation. Importantly, this is independent of the type of fluorophore modification as it
is visible for all tested ssDNA/tsDNA combinations. In some cases, the attachment to the
periphery seems mostly irreversible (see ssDNA-Alexa488/tsDNA-Cy5). Note that it was
not possible to revert back to pH 5 because the buffer range of the phosphate buffer used
lies between pH 5.8 and pH 8.2. Error bars correspond to the standard deviation of n≥25
droplets.
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Supplementary Figure S7: Light-mediated acidification of water-in-

oil droplets reveals different detachment kinetics of tsDNA modi-

fied with different fluorophores.

Figure 7: Light-mediated acidification of water-in-oil droplets reveals different detachment ki-
netics of tsDNA modified with different fluorophores. Fluorescence intensity ratio Iperi/Iinner
of tsDNA-Cy5 (black) and tsDNA-Atto647 (red) within droplets over time with Cy3-labeled
ssDNA. Error bars correspond to the standard deviation of n ≥ 20 droplets for the DNA
experiments. Solid lines represent sigmoidal fits with turning points at 36.3 ± 0.3 s (tsDNA-
Cy5) and 38.6 ± 0.3 s (tsDNA-Atto647). tsDNA-Cy5 detaches faster from the droplet pe-
riphery during the acidification indicating that the fluorophore modification on tsDNA alone,
changes the reaction kinetics.
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Supplementary Figure S8: Influence of 3’ modification of tsDNA-

Cy5

Figure 8: Fluorescence intensity inside of droplets Iin at the intermediate pH 6.5 for
ssDNA/tsDNA-Cy5-5’, ssDNA-Cy3/tsDNA-Cy5-5’ and ssDNA/tsDNA-Cy5-3’. A 3’ modi-
fication of tsDNA-Cy5 leads to more efficient binding to the unlabeled ssDNA than with a
5’ modification. This is likely due to the fact that the fluorophore is placed further away
from the stem loop that is complementary to the ssDNA, hence allowing the ssDNA to bind
the tsDNACy5-3’ more efficiently.
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Supplementary Table

Supplementary Table S1: Different dyes and their net charge, hy-

drophobicity and pKa

Table 1: Different dyes and their net charge, hydrophobicity at pH 7.4 and pKa. The hy-
drophobicity of the dyes is expressed by the log of the distribution coefficient, logD, which is
a measure of the expected ratio of dye concentrations in water and a non-polar solvent. Note
that a positive logD corresponds to hydrophobic substances, whereas hydrophilic substances
have a negative logD. logD values are taken from [1] and pKa values from. [2] Our results show
that hydrophilic dyes like Alexa488 are less prone to unspecific interactions with ssDNA.

Dye Net charge at pH 7.4 logD at pH 7.4 pKa

Cy3 0 +3.03 7.9 (Cy3B)
Alexa488 -3.94 -10.48 3.0
Atto647N +0.61 +1.96 6.3 (Atto633)
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Supplementary Texts

Supplementary Text S1: Estimation of the apparent thickness of

the reaction layer ε

The thickness of the reaction layer, ε, was determined by analyzing the intensity at the

droplet periphery for the ssDNA/tsDNA-Cy5 combination at pH8. The intensity at the

droplet periphery Iperi was quantified by fitting a Gaussian distribution along a line orthog-

onal to the droplet circumference. The fit function was of the form y = a+(b−a)e−(x−c)/2d2 ,

where a is an offset parameter, b is the maximum intensity, c is the center point, and d is the

width. This analysis was repeated 20 times every 18◦ along the droplet circumference for

12 representative droplets. ε was defined as the average of the full width at half maximum

(FWHM) and calculated via ε = 2
√

2ln(2) d̄ to be ε = 1.82± 0.37 µm.

Supplementary Text S2: Reaction-diffusion model of ssDNA-tsDNA

interaction in a spherical volume

To describe the reaction-diffusion of the ssDNA and tsDNA molecules in a spherical droplet

with a radius r0, we adapted a previously proposed, volumetric model, [3,4] in which the

binding and dissociation reactions are localized in a layer near the spherical droplet periphery.

Outside of this layer, tsDNA is assumed to diffuse freely and isotropically. Let ε denote the

thickness of the reaction volume Vε ≈ 4πr20ε, in which ssDNA is located, T (r, t) and S(r, t)

be the volumetric concentrations of free tsDNA and ssDNA, respectively, and Ttot and Stot

be the total concentrations of tsDNA and ssDNA in the droplet volume. Then, the equations
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describing the evolution of T (r, t) and S(r, t) take the form:

∂T

∂t
= D∆T − konTS + koff (Stot − S),

∂S

∂t
= −konTS + koff (Stot − S),

0 ≤ r ≤ r0, t > 0,

(1)

where D is the diffusion constant of tsDNA, kon and koff are the association and dissociation

rate constants, respectively. Since all binding sites (ssDNA) are concentrated within Vε, the

concentration of ssDNA must vanish outside of this area, i.e. S(r, t) = 0 for r < r0 − ε.

Furthermore, we assume that the droplet boundary is impermeable, i.e. ∂T/∂r|r0 = 0. We

also note that, strictly speaking, Eq. 1 is solved separately for 0 ≤ r < r0− ε and r ≥ r0− ε,

but the joint solution must be continuous and differentiable everywhere on 0 ≤ r ≤ r0. We

therefore require that:

T (0)|r0−ε = T (ε)|r0−ε,

∂T (0)

∂r
|r0−ε =

∂T (ε)

∂r
|r0−ε,

(2)

where T (0) and T (ε) are the piecewise solutions of T (r, t) within and outside of Vε, respectively.

Note that for very small droplets (i.e. in our system droplets that are smaller than 1µm),

the approximation ε/r0 � 1 does not hold anymore. In practice, this affects droplets with

the radius of about 1 µm or smaller due to experimental constraints.

We seek for the steady-state solution of Eq. 1 because it reflects experiments in which

the ssDNA-tsDNA binding has attained equilibrium (see, e.g., Figure 1 in the main text

and Figure S1). The steady-state solution is given by T (r, t) = Teq(r) and S(r, t) = Seq(r).

Solving Eq. 1 under Eq. 2 and the boundary conditions yields:

Teq(r) = C,

Seq(r) =
KDStot

Teq(r) +KD

,
(3)
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where we have introduced the apparent dissociation constant KD = koff/kon, and where C

is an arbitrary constant. This constant can be found explicitly using the mass conservation

of tsDNA within the droplet volume, that is:

r0∫

0

Teq(r)4πr
2dr +

r0∫

0

(Stot − Seq(r))4πr
2dr = Ttot

4

3
πr30.

free tsDNA + bound tsDNA = total tsDNA

(4)

By substituting Eq. 3 into Eq. 4 and assuming that ε � r0, we finally obtain the explicit

expressions for the steady-state concentrations:

Teq = −1

2

[
3
ε

r0
Stot +KD − Ttot

]
+

√[
3
ε

r0
Stot +KD − Ttot

]2
+ 4TtotKD,

Seq =
KDStot

Teq +KD

.

(5)

In the experiment, the concentrations Teq and Seq are not available directly, but only

through the respective fluorescent intensities measured in the droplet interior and at the

periphery with confocal microscopy. More specifically, the intensity of labelled tsDNA

molecules is I = EexEemVobsTeq,
[5,6] where Vobs is the observation volume, and Eex and

Eem are excitation and emission functions of the light path, respectively. Assuming that

imaging settings do not change for the tested fluorophore combinations, the ratio between

the peripheral, Ĩperi, and inner intensity, Ĩin, of tsDNA fluorescence can be expressed as:

Ĩperi

Ĩin
=

(Stot − Seq) + Teq
Teq

= 1 +
Stot

Teq +KD

≡ A(ε,KD). (6)

Here, Ĩperi = Iperi/(2πr0εh) and Ĩin = Iin/(πr
2
inh), where h is the characteristic height of

the point spread function of the microscope (typically a few microns) and rin < r0 is the

radius of an arbitrary sphere placed within the droplet volume. The expression in Eq. 6 can

be now employed to estimate KD by experimentally measuring A and precomputing ε (see
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Supplementary Text S2). By analogy, the uncertainty of KD can be calculated using error

propagation on A:

σ2
A ≈

(
∂A

∂ε

)2

σ2
ε +

(
∂A

∂KD

)2

σ2
KD
, (7)

where the partial derivatives are given by:

∂A

∂ε
=

3S2
tot

2r0(Teq +KD)2

[
1−

3 ε
r0
Stot +KD − Ttot√

(3 ε
r0
Stot +KD − Ttot)2 + 4TtotKD

]
,

∂A

∂KD

= − Stot

2(Teq +KD)2

[
1 +

3 ε
r0
Stot +KD + Ttot√

(3 ε
r0
Stot +KD − Ttot)2 + 4TtotKD

]
.

(8)
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Supplementary Videos

Supplementary Video S1: MD trajectory of unlabelled ssDNA

MD trajectory showing the evolution of the starting conformation of the unlabelled ssDNA

over the total time of 5 µs and sampled every 5 ns. The conformation of the DNA remains,

on average, more extended throughout the simulation than the labeled counterparts, thus

being more accessible for complementary base pairing. See Fig. 2B for the distribution of

the radius of gyration.

Supplementary Video S2: MD trajectory of Cy3-ssDNA

MD trajectory showing the evolution of the starting conformation of the Cy3-labelled ssDNA

over the total time of 6 µs and sampled every 5 ns. The Cy3-ssDNA adopts more compact

conformations compared to the unlabeled counterpart, in which the hydrophobic bases are

wrapped around the Cy3 fluorophore, reducing their accessibility for complementary base

pairing. See Fig. 2B for the distribution of the radius of gyration.

Supplementary Video S3: MD trajectory of Cy5-ssDNA

MD trajectory showing the evolution of the starting conformation of the Cy5-labelled ssDNA

over the total time of 6 µs. Like in the case of the Cy3 modification, Video S2, the ssDNA

adopts more compact conformations, where the bases are wrapped around Cy5 fluorophore,

reducing their accessibility for complementary base pairing. See Fig. S3B for the distribution

of the radius of gyration.

Supplementary Video S4: MD trajectory of Alexa488-ssDNA

MD trajectory showing the evolution of the starting conformation of the Alexa488-labelled

ssDNA over the total time of 6 µs. The accessibly of the bases is, on averaged, higher
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compared to the Cy3 and Cy5 modifications (Video S2 and S3), possibly due to weaker

dye-ssDNA stacking interactions and the higher negative charge of Alexa 488. See Fig. 2B

for the distribution of the radius of gyration.

Supplementary Video S5: Light-mediated detachment kinetics of

Cy5-tsDNA

Representative confocal time series of Cy5-labeled tsDNA (λex = 647 nm) encapsulated

together with unlabelled ssDNA and NPE-caged-sulfate into water-in-oil droplets at pH 8.

Upon illumination with 405 nm for 50 s, uncaging of NPE-caged-sulfate releases a proton,

leading to acidification inside the droplet. During acidification, tsDNA-Cy5 detaches from

the droplet periphery as the triplex state is energetically favoured at low pH. The normalized

inner intensity Iin over time is shown in Figure 3C (Main). in Scale bars: 20 µm.
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Hochschule (ETH) Zurich, Mattenstraße 26, 4058 Basel, Switzerland

§Max Planck Institute for Medical Research, Department of Cellular Biophysics,

Jahnstraße 29, 69120 Heidelberg, Germany

‖Centre for Advanced Materials,

Im Neuenheimer Feld 267, 69120 Heidelberg, Germany

⊥Institute for Molecular Systems Engineering (IMSE), Heidelberg University,

Im Neuenheimer Feld 225, 69120 Heidelberg, Germany

#Max Planck School Matter to Life, Jahnstraße 29, 69120 Heidelberg, Germany

E-mail: kerstin.goepfrich@mr.mpg.de

1



Contents

Supplementary Figures 4

Supplementary Figure 1: Activation of xenorhodopsin with different light sources. 4

Supplementary Figure 2: Saturation of pH-gradients upon white light illumination 5

Supplementary Figure 3: Photoactivity measurements with different E. coli den-

sities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Supplementary Figure 4: Chemical structure of pyranine . . . . . . . . . . . . . . 7

Supplementary Figure 5: Calibration curve of pyranine fluorescence in presence

of GUVs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Supplementary Figure 6: Monitoring pH changes with pyranine in the presence of

GUVs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Supplementary Figure 7: Layout of the microfluidic device for the formation of

water-in-oil droplets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Supplementary Figure 8: Calibration curve of pyranine fluorescence in water-in-

oil droplets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Supplementary Figure 9: pH-sensitive attachment of triplex-forming DNA . . . . 12

Supplementary Figure 10: Fluorophore-tagged single-stranded DNA does not in-

teract with droplet-stabilizing surfactants . . . . . . . . . . . . . . . . . . . 13

Supplementary Figure 11: Brightfield and confocal images of microfluidic droplets

containing engineered E. coli . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Supplementary Figure 12: Hysteresis of DNA triplex attachment and detachment 15

Supplementary Figure 13: Cadnano design of the membrane-sculpting DNA origami 16

Supplementary Figure 14: Blunt-end stacking induces polymerization of DNA

origami plates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Supplementary Figure 15: Atomic force microscopy images of the DNA origami . 18

Supplementary Figure 16: Agarose gel electrophoresis of the DNA origami . . . . 19

2



Supplementary Figure 17: Droplets are not deformed by attaching DNA origami

to the droplet periphery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Supplementary Figure 18: FRAP experiments of GUVs with membrane-bound

DNA origami . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Supplementary Figure 19: DNA origami cortex suppresses membrane fluctuations 22

Supplementary Figure 20: Deformation process of GUVs with DNA origami . . . 23

Supplementary Figure 21: Confocal images of deformed GUVs . . . . . . . . . . 24

Supplementary Figure 22: Confocal images of GUVs after detachment of membrane-

bound DNA-origami . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Supplementary Figure 23: Exemplary confocal images of DNA-functionalized GUVs 26

Supplementary Figure 24: Attachment of the single-stranded DNA triplex to

GUVs during light illumination . . . . . . . . . . . . . . . . . . . . . . . . . 27

Supplementary Figure 25: Confocal images of deformed GUVs after light-mediated

attachment of DNA origami . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Supplementary Figure 26: Light-mediated deformation of GUVs . . . . . . . . . 29

Supplementary Tables 30

Supplementary Table 1: DNA and amino-acid sequences of

xenorhodopsin-constructs . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Supplementary Notes 32

Supplementary Note 1: Estimation of the pH change for DNA attachment . . . . 32

Supplementary Note 2: Estimation of DNA origami density per GUV . . . . . . . 33

References 34

3



Supplementary Figures

Supplementary Figure 1: Activation of xenorhodopsin with differ-

ent light sources.

Figure 1: Activation of xenorhodopsin (XeR) with different light sources. a Absorption
spectrum of the xenorhodopsin-GFP (XeR-GFP) fusion protein shown in light red. Re-
spective absorption peak positions of xenorhodopsin and GFP are indicated. Relative light
intensity and transmission profiles of filters and light sources are also shown. b Bulk pho-
toactivity traces induced with the light sources presented in a. c Light intensity profiles of
white, green and yellow LEDs plotted together with the XeR-GFP absorption spectrum.
d Bulk photoactivity traces induced with the light sources shown in c. The dark green
shaded region represents a combination of all three light sources shown in c.
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Supplementary Figure 2: Saturation of pH-gradients upon white

light illumination

Figure 2: Engineered xenorhodopsin-expressing E. coli generate a pH-gradient upon il-
lumination with white light, which saturates after ∼5 min of illumination. Photoactivity
measurements of engineered E. coli (at OD600=20, in 150 mM NaCl) with a pH-electrode.
The pH is plotted as a function of time during four light-dark cycles (periods of illumina-
tion are indicated in yellow). The pH increases by ∼0.8 within 5 min of illumination and
nearly returns to its original value after 10 min in the dark. A longer illumination time of
20 min (see final illumination period starting at t = 50 min) shows saturation of the pH-
gradient and a slow decrease of the pH during continuous illumination.
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Supplementary Figure 3: Photoactivity measurements with differ-

ent E. coli densities

Figure 3: Photoactivity measurements with different E. coli densities. a Bulk photoactiv-
ity measurements with xenorhodopsin-GFP expressing E. coli at an OD600 of 40. b Bulk
photoactivity measurements with the same XeR-GFP expressing E. coli as shown in a, di-
luted to an OD600 of 8.5. Illumination in both experiments was performed with a Schott,
1500 LCD lamp. The obtained pH gradients are very similar at both ODs, the kinetics are
slightly increased at higher ODs. This could be explained by the hypothesis that the E.
coli membrane itself cannot maintain pH gradients above one pH unit. Alternatively, it is
conceivable that the light is partially absorbed by the denser E. coli solution.
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Supplementary Figure 4: Chemical structure of pyranine

Figure 4: Chemical structure of pyranine at different pH values. The hydroxyl group
of pyranine (indicated with a red circle) is deprotonated at high pH values leading to a
change of the molecule’s fluorescent properties (see Figure 1c). Therefore, pyranine can be
used as pH-indicator by measuring the ratio of fluorescence emission upon excitation with
the wavelengths 488 nm and 405 nm. A high ratio I488/I405 indicates high pH values and
low ratios a low pH value, respectively.
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Supplementary Figure 5: Calibration curve of pyranine fluores-

cence in presence of GUVs

Figure 5: Calibration curve of pyranine fluorescence intensity (I488/I405) as a function of
pH in a GUV-containing solution (150 mM sucrose, 50 µM pyranine, 5 mM MgCl2, 100 mM
sodium phosphate buffer pre-adjusted to the respective pH value). A sigmoidal fit (red)
shows a pKa value of pH 7.37. This is in very good agreement with the calibration per-
formed in droplet-based compartments (see Supplementary Figure 8) and literature val-
ues. [1] Note that the pyranine fluorescence is strongly dependent on the buffer conditions.
Therefore, the absolute values cannot be compared to the measurements in an E. coli -
containing solution.
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Supplementary Figure 6: Monitoring pH changes with pyranine

in the presence of GUVs

Figure 6: Monitoring pH changes with pyranine in the presence of GUVs. a Confocal flu-
orescence images of GUVs (red, λex =647 nm) and pyranine (green, λex =488 nm) at pH
6 and pH 8. The pyranine intensity upon 488 nm excitation increases with increasing pH.
Scale bar: 50 µm. b Confocal fluorescence images of GUVs (red, λex =647 nm) and pyra-
nine (green, λex =488 nm) in presence of engineered E. coli before (left) and after (right)
white light illumination. White light illumination leads to an increase of the pH due to the
proton-pumping activity of the E. coli, which can be visualized by an increase in pyranine
fluorescence emission. Scale bar: 20 µm.
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Supplementary Figure 7: Layout of the microfluidic device for the

formation of water-in-oil droplets

Figure 7: Layouts of single- (top) and two-inlet (bottom) microfluidic devices for the co-
encapsulation of DNA and E. coli into surfactant-stabilized water-in-oil droplets. The
cholesterol-tagged and triplex-forming DNA were supplied via one inlet and the E. coli
via the second one to avoid attachment of the cholesterol-tagged DNA to the E. coli prior
to droplet formation. The microfluidic PDMS devices (Sylgard184, Dow Corning, USA)
were fabricated according to a previously published protocol [2] (see Methods). For confo-
cal fluorescence imaging, the droplets were collected from the outlet and sealed in a simple
observation chamber as described previously. [3]
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Supplementary Figure 8: Calibration curve of pyranine fluores-

cence in water-in-oil droplets

Figure 8: Calibration curve of pyranine fluorescence intensity I488/I405 as a function of
pH within water-in-oil droplets (50 µM pyranine, 5 mM MgCl2, 50 mM sodium phosphate
buffer pre-adjusted to the respective pH value). A sigmoidal fit (red) has a pKa value of
7.29. This is in very good agreement with the calibration performed in presence of GUVs
(see Supplementary Information Figure 5) and literature values. [1] Note that the pyranine
fluorescence is strongly dependent on the buffer conditions. Therefore, the absolute val-
ues cannot be compared quantitatively to the measurements in E. coli -containing droplets.
The data depicts mean values and error bars correspond to the standard deviation of n=22
droplets for pH 5.8, n=31 for pH 6.2, n=25 for pH 6.6, n=28 for pH 7.0, n=23 for pH 7.4
and n=24 for pH 8.0.
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Supplementary Figure 9: pH-sensitive attachment of triplex-forming

DNA

Figure 9: pH-sensitive attachment of triplex-forming DNA. Representative confocal fluo-
rescence images of 1 µM Cy5-labeled triplex-forming DNA (red, λex =647 nm) in droplet-
based compartments at different pH values as indicated. The droplet periphery was func-
tionalized with 1.5 µM cholesterol-tagged DNA (complementary to the hairpin region of
the triplex, for DNA sequences see Materials and Methods). With increasing pH, Hoogsten
interactions become weaker and an increasing amount of the triplex-forming DNA binds
to the droplet periphery. For a quantitative plot of the fluorescence intensity inside the
droplet a the different pH values, see Figure 3b (main text). Scale bar: 20 µm.
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Supplementary Figure 10: Fluorophore-tagged single-stranded

DNA does not interact with droplet-stabilizing surfactants

Figure 10: Fluorophore-tagged single-stranded DNA does not interact with droplet-
stabilizing surfactants. Representative confocal images of water-in-oil droplets containing
Cy3-(a, λex = 561 nm) and Cy5-labeled ssDNA (b, λex = 647 nm) without cholesterol-
modification at pH8. The solution contained 20 mM potassium phosphate buffer, 10 mM
MgCl2 and 1.5 µM DNA. This confirms that there is no unspecific pH-dependent adsorp-
tion of the DNA to the droplet periphery at elevated pH. Scale bars: 20 µm.
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Supplementary Figure 11: Brightfield and confocal images of mi-

crofluidic droplets containing engineered E. coli

Figure 11: Brightfield (top) and confocal (bottom) images of microfluidic water-in-oil
droplets containing the triplex-forming DNA, cholesterol-tagged DNA, pyranine and engi-
neered E. coli before (0 min) and after (60 min) illumination with white light. The images
confirm the presence of the E. coli inside the droplets and their stable confinement. Scale
bars: 100 µm.
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Supplementary Figure 12: Hysteresis of DNA triplex attachment

and detachment

Figure 12: Hysteresis of DNA triplex attachment and detachment. Fluorescence intensity
ratio IPeri/IIn of the Cy5-labeled triplex-forming DNA strand at the droplet periphery over
the droplet lumen at different pH values. The triplex-forming DNA was incubated with
the complementary cholesterol-tagged strand for 10 min before encapsulation into droplets
with 10 mM sodium phosphate buffer and 20 mM MgCl2 at pH 5 (blue curve) or pH 8
(red curve). After incubation the solutions were mixed 1:1 with 200 mM phosphate buffers
ranging from pH 5 to 8. Droplets were then imaged with confocal fluorescence microscopy.
The plot clearly indicates that the duplex dissociation happens at lower pH values com-
pared to the duplex formation. This explains why the E. coli can induce attachment but
not detachment of the triplex-forming DNA. The data depicts mean values and error bars
correspond to the standard deviation of n=26 droplets for pH 5, n=57 for pH 6, n=47 for
pH 6.5, n=35 for pH 7, n=16 for pH 8 (blue curve) and n=10 droplets for pH 5.6, n=13
for pH 6, n=32 for pH 6.5, n=40 for pH 7 and n=29 for pH 8 (red curve).
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Supplementary Figure 13: Cadnano design of the membrane-sculpting

DNA origami
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Figure 13: Cadnano design of the membrane-sculpting DNA origami. The scaffold (p8064)
is shown in blue, bright green staples induce blunt-end stacking, red staples carry over-
hangs for for the triplex-forming DNA on their 3’ end, yellow staples carry overhangs for a
complementary Cy3-tagged DNA strand on their 3’ end.
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Supplementary Figure 14: Blunt-end stacking induces polymer-

ization of DNA origami plates

Figure 14: Cryo-EM micrograph of the polymerized DNA origami. The image depicts an
arrangement of fused DNA origami squares (indicated by white arrows). Black spots cor-
respond to gold fiducials. This arrangement was used to sculpt the membrane of GUVs.
Scale bar: 50 nm.
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Supplementary Figure 15: Atomic force microscopy images of the

DNA origami

Figure 15: Atomic force microscopy images of the DNA origami without (monomer) and
with the overhang strands (sticky). The sticky DNA origami shows a tight packing and
cluster formation due to blunt-end stacking, whereas the DNA origami remain loosely
distributed when the overhang strands were omitted (monomer). The line that appears
across the DNA origami corresponds to the binding sites of the fluorophores. 1 nM of
the DNA origami was added to a mica surface, incubated for 90 s and then washed with
buffer. Atomic force microscopy was conducted in liquid using a Nanowizzard Ultra Speed
2 (Bruker).
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Supplementary Figure 16: Agarose gel electrophoresis of the DNA

origami

Figure 16: Agarose gel electrophoresis (0.7 % agarose) of the DNA origami. Lane 1) 1 kbp
DNA ladder; Lane 2) DNA origami without the staples at the scaffold seam (i.e. with
single-stranded scaffold loops); Lane 3) DNA origami with the staples at the scaffold
seam. Without the the staples at the scaffold seam (Lane 2), there is a clear band for the
monomeric DNA origami and weaker bands from oligomers. The single-stranded scaffold
loops prevent blunt-end stacking. In presence of the staples at the scaffold seam, blunt-end
stacking occurs and the DNA origami does not leave the pocket due to its highly polymer-
ized state. The gel was run at 60 V for 3.5 h at 4◦C.
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Supplementary Figure 17: Droplets are not deformed by attach-

ing DNA origami to the droplet periphery

Figure 17: Droplets are not deformed by attaching DNA origami to the droplet periphery.
Confocal image of a surfactant-stabilized water-in-oil droplet containing 10 nM cholesterol-
tagged Cy3-labeled DNA origami (λex=561 nm). The droplet remains spherical even
though DNA origami clusters were successfully attached to the droplet periphery. Scale
bar: 20 µm.
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Supplementary Figure 18: FRAP experiments of GUVs with membrane-

bound DNA origami

Figure 18: a FRAP of lipids (λex =488 nm). Exemplary normalized fluorescence recov-
ery after photobleaching (FRAP) traces for plain GUVs, deformed GUVs with membrane-
bound polymerized DNA origami (lipid recovery) and spherical GUVs with membrane-
bound monomeric DNA origami (with single-stranded scaffold loops, lipid recovery). b
Diffusion coefficients of lipids in absence and presence of DNA origami (mean ± SD; n=3
for each condition). The lipid diffusivity is not affected significantly by the presence of
membrane-bound DNA origami. The diffusion coefficients were calculated according to
previous works. [4] c FRAP of DNA origami (λex =561 nm). Exemplary normalized fluores-
cence recovery after photobleaching (FRAP) traces for deformed GUVs with membrane-
bound polymerized DNA origami (DNA recovery) and spherical GUVs with membrane-
bound monomeric DNA origami (with single-stranded scaffold loops, DNA recovery). The
DNA origami do not recover after photobleaching as expected in the presence of divalent
ions. [5]
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Supplementary Figure 19: DNA origami cortex suppresses mem-

brane fluctuations

Figure 19: Membrane fluctuations of osmotically deflated GUVs (c/c0 = 1.8) with and
without membrane-bound DNA origami. A Outline of a plain GUV without membrane-
bound DNA origami (green) and a deformed GUV with membrane-bound polymerized
DNA origami (orange). The outline was traced from a confocal cross section over time
(see also Supplementary Video 5). B Standard deviation of the radius r from the mean
radius for plain (green) and deformed GUVs (n=5 individual GUVs tracked over time,
mean±std.). Higher deviations from the mean radius correspond to larger membrane fluc-
tuations. For the deformed GUV, membrane fluctuations are approximately three times
lower than for the plain GUV.
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Supplementary Figure 20: Deformation process of GUVs with

DNA origami

Figure 20: Flow diagram with confocal images of GUVs (lipids labelled with Atto488,
λex= 488 nm) and DNA origami (labelled with Cy3, λex= 561 nm) depicting the deforma-
tion process. First of all, we attached the monomeric pH-sensitive DNA origami to the
GUVs at pH 8.3 using cholesterol-tags which bind to the hairpin loop of the triplex motif
at elevated pH. Subsequently, we added the sticky edge staples, which allow for blunt-end
stacking of the DNA origami and thus induce polymerization of the DNA origami. Poly-
merization, in turn, deforms the GUVs. Following this step, the DNA origami were de-
tached from the GUVs by lowering the pH to 5.6 (upper panels, the fluorescence from the
detached DNA origami in the background is too weak to be visible). As a control, we also
first lowered the pH to 5.6 and then added the overhang strands (lower panels). This did
not affect the morphology of GUVs. After each mixing step, the GUVs were incubated for
24 h either with overhang strands or at a different pH value. Note that the deformation
process takes about two hours. Scale bars: 15 µm.

23



Supplementary Figure 21: Confocal images of deformed GUVs

Figure 21: Confocal images of deformed GUVs (λex= 561 nm) in presence of membrane-
bound polymerized DNA origami at pH 8.3. The corresponding quantification of the GUV
circularity is shown in Figure 4e (main text). Scale bars: 5 µm.
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Supplementary Figure 22: Confocal images of GUVs after detach-

ment of membrane-bound DNA-origami

Figure 22: Confocal images of GUVs (λex= 561 nm) after decreasing the pH from pH 8.3
to pH 5.6 by addition of iso-osmotic potassium dihydrogenphosphate buffer. The DNA
origami detaches from the GUV upon lowering the pH and the GUVs return to a spheri-
cal shape. The corresponding quantification of the GUV circularity is shown in Figure 4e
(main text). Scale bars: 5 µm.
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Supplementary Figure 23: Exemplary confocal images of DNA-

functionalized GUVs

Figure 23: Exemplary confocal images of GUVs coated with cholesterol-tagged DNA
(0.6µM) and surrounded by E. coli and triplex-forming DNA (0.4µM, λex=561 nm).
The images show the attachment of the triplex-forming DNA after illumination (40 min
time point) as well as the settling of E. coli. The droplet was illuminated for 15 min after
25 min in the dark. The corresponding quantification of the peripheral DNA intensity is
shown in Figure 24. Scale bars: 20 µm.
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Supplementary Figure 24: Attachment of the single-stranded DNA

triplex to GUVs during light illumination

Figure 24: a Schematic illustration of a GUV membrane functionalized with cholesterol-
tagged DNA in presence of triplex-forming DNA at high and low pH values. b Confocal
image of a DNA-coated GUV surrounded by E. coli as described in a (0.4µM triplex-
forming DNA, λex=561 nm; 0.6µM cholesterol-tagged DNA). Scale bar: 10 µm. c Normal-
ized fluorescence intensity Iperi (mean±s.d., n=15) of the triplex-forming DNA at the GUV
periphery monitored over time. The time period of illumination is indicated in yellow, il-
lumination leads to a pH increase and hence DNA attachment. The data is extracted from
GUVs as shown in Figure 23.
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Supplementary Figure 25: Confocal images of deformed GUVs af-

ter light-mediated attachment of DNA origami

Figure 25: Confocal images of deformed GUVs (λex= 488 nm) in presence of membrane-
bound polymerized DNA origami and E. coli after light-mediated attachment of DNA
origami and spherical GUVs without light illumination. Note that the deformation is
weaker compared to the deformation achieved with conventional pH switching due to the
smaller pH gradient. Scale bars: 10 µm.
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Supplementary Figure 26: Light-mediated deformation of GUVs

Figure 26: Light-mediated deformation of GUVs. a Circularity over time for the repre-
sentative image of a GUV with attached DNA origami monomers after addition of staple
strands at the scaffold seam which enable blunt-end stacking as shown in Figure 5c. The
circularity decreases over time corresponding to a deformation of the GUV within 1 h. b
Circularity of GUVs 14 h after addition of staple strands to the scaffold seam for GUVs
that were illuminated with light for 30 min and GUVs that were not illuminated. The cir-
cularity for illuminated GUVs is significantly lower than for GUVs that were left in the
dark (n=8, error bars show the standard deviation, p = 0.03). Note that the density of E.
coli was OD600 = 20 for both conditions.
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Supplementary Tables

Supplementary Table 1: DNA and amino-acid sequences of

xenorhodopsin-constructs

XeR-GFP DNA sequence:

1 ATGGTGTATG AAGCAATTAC CGCAGGCGGT TTTGGTAGCC AGCCGTTTAT TCTGGCATAT

61 ATCATTACCG CAATGATTAG CGGTCTGCTG TTTCTGTATC TGCCTCGTAA ACTGGATGTT

121 CCGCAGAAAT TTGGCATCAT CCATTTTTTC ATTGTGGTTT GGAGCGGTCT GATGTATACC

181 AATTTTCTGA ATCAGAGCTT CCTGAGCGAT TATGCATGGT ATATGGATTG GATGGTTAGC

241 ACACCGCTGA TTCTGCTGGC ACTGGGTCTG ACCGCATTTC ATGGTGCAGA TACCAAACGT

301 TATGATCTGC TGGGTGCACT GCTGGGAGCA GAATTTACCC TGGTTATTAC AGGTCTGCTG

361 GCCCAGGCAC AGGGTAGCAT TACCCCGTAT TATGTTGGTG TTCTGCTGCT GCTGGGCGTT

421 GTTTATCTGC TGGCGAAACC GTTTCGTGAA ATTGCCGAAG AAAGCAGTGA TGGTCTGGCA

481 CGTGCGTATA AAATCCTGGC AGGTTATATT GGCATCTTTT TTCTGAGCTA TCCGACCGTG

541 TGGTATATTA GCGGTATTGA TGCACTGCCT GGTAGCCTGA ATATTCTGGA CCCGACCCAG

601 ACCAGCATTG CACTGGTTGT TCTGCCGTTT TTTTGCAAAC AGGTTTATGG CTTCCTGGAC

661 ATGTATCTGA TTCATAAAGC AGAAGCTCTC GAGGGAGGAA GTCTGGAAGT TCTGTTCCAG

721 GGGCCCGTCG ACGGATCCGA AAACTTGTAT TTCCAGGGCA TGAGTAAAGG AGAAGAACTT

781 TTCACTGGAG TTGTCCCAAT TCTTGTTGAA TTAGATGGTG ATGTTAATGG GCACAAATTT

841 TCTGTCCGTG GAGAGGGTGA AGGTGATGCT ACAAACGGAA AACTCACCCT TAAATTTATT

901 TGCACTACTG GAAAACTACC TGTTCCGTGG CCAACACTTG TCACTACTCT GACCTATGGT

961 GTTCAATGCT TTTCCCGTTA TCCGGATCAC ATGAAACGGC ATGACTTTTT CAAGAGTGCC

1021 ATGCCCGAAG GTTATGTACA GGAACGCACT ATATCTTTCA AAGATGACGG GACCTACAAG

1081 ACGCGTGCTG AAGTCAAGTT TGAAGGTGAT ACCCTTGTTA ATCGTATCGA GTTAAAGGGT

1141 ATTGATTTTA AAGAAGATGG AAACATTCTT GGACACAAAC TCGAGTACAA CTTTAACTCA

1201 CACAATGTAT ACATCACGGC AGACAAACAA AAGAATGGAA TCAAAGCTAA CTTCAAAATT

1261 CGCCACAACG TTGAAGATGG TTCCGTTCAA CTAGCAGACC ATTATCAACA AAATACTCCA

1321 ATTGGCGATG GCCCTGTCCT TTTACCAGAC AACCATTACC TGTCGACACA ATCTGTCCTT

1381 TCGAAAGATC CCAACGAAAA GCGTGACCAC ATGGTCCTTC TTGAGTTTGT AACTGCTGCT

1441 GGGATTACAC ATGGCATGGA TGAGCTCTAC AAAGGAGGAT CTGGTGGTTC TGGGAAGCTT

1501 GCGGCCGCAC TCGAGCACCA CCACCACCAC CACTGA

XeR-GFP amino-acid sequence:

MVYEAITAGGFGSQPFILAYIITAMISGLLFLYLPRKLDVPQKFGIIHFFIVVWSGLMYTNFLNQSFLSD

YAWYMDWMVSTPLILLALGLTAFHGADTKRYDLLGALLGAEFTLVITGLLAQAQGSITPYYVGVLLLLGV

VYLLAKPFREIAEESSDGLARAYKILAGYIGIFFLSYPTVWYISGIDALPGSLNILDPTQTSIALVVLPF

FCKQVYGFLDMYLIHKAEALEGGSLEVLFQGPVDGSENLYFQGMSKGEELFTGVVPILVELDGDVNGHKF

SVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERT

ISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKI

RHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELY

KGGSGGSGKLAAALEHHHHHH

NsXeR Sf-GFP His6-Tag

30



XeR-mCherry DNA sequence:

1 ATGGTGTATG AAGCAATTAC CGCAGGCGGT TTTGGTAGCC AGCCGTTTAT TCTGGCATAT

61 ATCATTACCG CAATGATTAG CGGTCTGCTG TTTCTGTATC TGCCTCGTAA ACTGGATGTT

121 CCGCAGAAAT TTGGCATCAT CCATTTTTTC ATTGTGGTTT GGAGCGGTCT GATGTATACC

181 AATTTTCTGA ATCAGAGCTT CCTGAGCGAT TATGCATGGT ATATGGATTG GATGGTTAGC

241 ACACCGCTGA TTCTGCTGGC ACTGGGTCTG ACCGCATTTC ATGGTGCAGA TACCAAACGT

301 TATGATCTGC TGGGTGCACT GCTGGGAGCA GAATTTACCC TGGTTATTAC AGGTCTGCTG

361 GCCCAGGCAC AGGGTAGCAT TACCCCGTAT TATGTTGGTG TTCTGCTGCT GCTGGGCGTT

421 GTTTATCTGC TGGCGAAACC GTTTCGTGAA ATTGCCGAAG AAAGCAGTGA TGGTCTGGCA

481 CGTGCGTATA AAATCCTGGC AGGTTATATT GGCATCTTTT TTCTGAGCTA TCCGACCGTG

541 TGGTATATTA GCGGTATTGA TGCACTGCCT GGTAGCCTGA ATATTCTGGA CCCGACCCAG

601 ACCAGCATTG CACTGGTTGT TCTGCCGTTT TTTTGCAAAC AGGTTTATGG CTTCCTGGAC

661 ATGTATCTGA TTCATAAAGC AGAAGCTCTC GAGGGAGGAA GTCTGGAAGT TCTGTTCCAG

721 GGGCCCGTCG ACGGATCCAT GCATAGCAAG GGCGAGGAGG ATAACATGGC CATCATCAAG

781 GAGTTCATGC GCTTCAAGGT GCACATGGAG GGCTCCGTGA ACGGCCACGA GTTCGAGATC

841 GAGGGCGAGG GCGAGGGCCG CCCCTACGAG GGCACCCAGA CCGCCAAGCT GAAGGTGACC

901 AAGGGTGGCC CCCTGCCCTT CGCCTGGGAC ATCCTGTCCC CTCAGTTCAT GTACGGCTCC

961 AAGGCCTACG TGAAGCACCC CGCCGACATC CCCGACTACT TGAAGCTGTC CTTCCCCGAG

1021 GGCTTCAAGT GGGAGCGCGT GATGAACTTC GAGGACGGCG GCGTGGTGAC CGTGACCCAG

1081 GACTCCTCCT TGCAGGACGG CGAGTTCATC TACAAGGTGA AGCTGCGCGG CACCAACTTC

1141 CCCTCCGACG GCCCCGTAAT GCAGAAGAAG ACCATGGGCT GGGAGGCCTC CTCCGAGCGG

1201 ATGTACCCCG AGGACGGCGC CCTGAAGGGC GAGATCAAGC AGAGGCTGAA GCTGAAGGAC

1261 GGCGGCCACT ACGACGCTGA GGTCAAGACC ACCTACAAGG CCAAGAAGCC CGTGCAGCTG

1321 CCCGGCGCCT ACAACGTCAA CATCAAGTTG GACATCACCT CCCACAACGA GGACTACACC

1381 ATCGTGGAAC AGTACGAACG CGCCGAGGGC CGCCACTCCA CCGGCGGCAT GGACGAGCTG

1441 TACAAGAAGC TTGCGGCCGC ACTCGAGCAC CACCACCACC ACCACTGA

XeR-mCherry amino-acid sequence:

MVYEAITAGGFGSQPFILAYIITAMISGLLFLYLPRKLDVPQKFGIIHFFIVVWSGLMYTNFLNQSFLSD

YAWYMDWMVSTPLILLALGLTAFHGADTKRYDLLGALLGAEFTLVITGLLAQAQGSITPYYVGVLLLLGV

VYLLAKPFREIAEESSDGLARAYKILAGYIGIFFLSYPTVWYISGIDALPGSLNILDPTQTSIALVVLPF

FCKQVYGFLDMYLIHKAEALEGGSLEVLFQGPVDGSMHSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEI

EGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNF

EDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKD

GGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKKLAAALE

HHHHHH

NsXeR mCherry His6-Tag
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Supplementary Notes

Supplementary Note 1: Estimation of the pH change for DNA at-

tachment

In principle, we can quantify the pH change from the quantification of the DNA attach-

ment and the corresponding calibration curve (see Figure 3b). However, the problem in

comparing the fluorescent ratios from the calibration measurement in Figure 3b and the

DNA attachment mediated via E. coli is the fact that the E. coli containing droplets ab-

sorb some of the excitation as well as emission light from the pH-sensitive DNA which

makes us cautious regarding fully quantitative statements on the pH. However, we can still

approximate the rise in pH. During light illumination of the droplets with E. coli the ratio

Iperi/Iin rises from 1.83 to 3.58 and thus by a factor of 1.96. From the confocal images in

Supplementary Figure 24 and the pH electrode measurements in Figure 1b, we can deduce

the starting point of pH 6.2 before light illumination takes place. This is also in line with

the calibration curve in Figure 3b and Supplementary Figure 9, where the DNA starts to

attach in between pH 6-6.5. A pH of 6.2 equals a ratio in the calibration measurement of

Iperi/Iin=1.36 and is thus smaller than the starting value of the measurement with E. coli

due to absorption of light by E. coli on the inside of the droplet and hence a smaller Iin.

Multiplying the ratio Iperi/Iin=1.36 at pH 6.2 by 1.96 yields 2.72, which corresponds to a

pH of 7.25. This means that by this approximation the pH within droplets rises from pH

6.20 to pH 7.25 during light illumination. This is comparable to the pH range obtained

from bulk measurements where the pH increases from pH 6.2 to 7.0 and further in line

with a comparison of the images from the calibration measurement with the ones of the

droplets after light illumination.
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Supplementary Note 2: Estimation of DNA origami density per

GUV

To obtain a lower bound estimate for the area coverage of the DNA origami on the GUVs

we need to estimate the lipid concentration first. For the electroformation 40 µL of 1 mM

lipids in chloroform are spread on the whole ITO slide until all chloroform evaporated.

Subsequently, 275 µL of aqueous buffer solution is added into the ring covering 1
5

of the

area covered with lipids leading to a final lipid concentration of 29 µM. Note that this is

an upper bound estimate for the lipid concentration since most likely not all lipids will de-

tach from the ITO slide. After mixing the GUV solution with the DNA origami solution

the effective concentrations are clipid ' 20 µM and cDNA = 2 nM. The relative area of the

GUV covered with DNA origami is then given by:

α =
cDNA ∗ ADNA

2 ∗ clipid ∗ Alipid

= 0.175 (1)

with ADNA = 250 nm2 and Alipid = 0.7 nm2. Thus, at least 17 % of the membrane area of

the GUVs should be covered with DNA origami.
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Supplementary Notes

Supplementary Note S1: Estimation of the SUV velocity along the

DNA filaments

From the quantitative measurements of the porosity over time (see Fig. 4f, main text), we

can provide a rough estimate for the transport velocity of the individual SUVs. For this

purpose we need to first estimate 1) the total length of the DNA filaments inside a droplet

and 2) the total number of the SUVs inside a droplet.

1) Each DNA tile has an approximate length of lt = 14 nm, and the tubular filaments

have a circumference of approximately 6 tiles. [1] Assuming that all tiles are polymerized into

filaments, we can calculate the maximum total length of the DNA filaments per liter to be

ltot =
1

6
· ct ·NA · lt ≈ 0.35 · 109 m/l , (1)

with ct being the DNA tile concentration (250 nM) and NA the Avogadro number.

With an average droplet diameter of 40µm in this experiment and hence a droplet volume

of approximately 40 pl, the total filament length per droplet amounts to ≈ 14 mm.

2) We can calculate the SUV concentration from the total lipid concentration. We first

compute the amount of lipids per SUV and from this the total number of SUVs per volume.

The SUV diameter has been measured to be 65 nm. This yields

nLipid = 2 · 4πr2

0.7nm2
≈ 38000 lipids , (2)

where the area of each lipid is assumed to be 0.7 nm2 and the lipid bilayer is composed of

two layers of lipids. Given a total lipid concentration of 10 µM as used in the experiment,
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this leads to

nSUV =
cLipid ·NA

nLipid

≈ 1.6 · 1014 /l . (3)

This equals an SUV concentration of approximately 250 pM. With a droplet volume of 40 pl,

we estimate that a total of 6400 SUVs have been encapsulated per droplet.

From Figure 4, we find that the filament fluorescence decreases with a half life of t1/2 =

25 min for 250 pM SUVs. This means that 6400 SUVs roll on average over half of the total

filament length in a droplet, hence 7 mm, during this time. A single SUV thus covers a dis-

tance of approximately 1µm in 25 minutes, or vSUV ≈44 nm/min. Note that photobleaching

only accounts for a 2 % decrease of the porosity (see Fig. S19a). This would result in a

negligible increase of the calculated transport velocities, but its minor contribution has been

disregarded here. This can be transformed into rotations of single SUVs via

vrot =
vSUV

2πr
≈ 0.22rot/min . (4)

All in all, this yields transport velocities for the different conditions:

Table 1: Estimation of the vesicle velocity along the DNA filaments.

lipid concentration # SUVs per droplet SUV concentration half-life velocity

0.1µM 64 2.5 pM 636min 170 nm/min
1 µM 640 25 pM 40min 280 nm/min
10 µM 6400 250 pM 25min 44 nm/min

Table 2: Estimation of the gold nanoparticle velocity along the DNA filaments.

nanoparticle concentration # gold nanoparticles per droplet half-life velocity

6.4 nM 154200 44min 1.03 nm/min
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Supplementary Figures

Supplementary Figure S1: Strand routing diagrams for the DNA

tiles

Figure 1: Strand routing diagrams for the DNA tiles. a DNA tile for the toehold strand
displacement reaction in Fig. 2. b DNA tile for the ATP split-aptameric reaction in Figs.
3a and b. c DNA tile for the dual-aptamer reaction in Figs. 3d and e. d DNA tile for the
SUV and gold nanoparticle transport reaction in Fig. 4.
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Supplementary Figure S2: Assembly of the DNA filaments at dif-

ferent tile concentrations

Figure 2: Assembly of the DNA filaments at different tile concentrations. AFM (left col-
umn) and TEM (right column) images of the formed DNA filaments annealed at DNA tile
concentrations from 5µM (top) to 50 nM (bottom). At a concentration of 5µM used in the
most experiments, a high yield of the correctly formed DNA filaments is obtained. Scale
bars: 200 nm.
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Supplementary Figure S3: Assembly of the DNA filaments at dif-

ferent Mg2+ concentrations

Figure 3: Assembly of the DNA filaments at different Mg2+ concentrations from 2.5 mM to
20 mM. AFM (left column) and TEM (right column) demonstrate successful DNA filament
assembly at Mg2+ concentrations from 5 mM. Scale bars: 200 nm.
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Supplementary Figure S4: Assembly of the DNA filaments at dif-

ferent temperatures

Figure 4: a Dependence of the porosity (1−Φ)100% on temperature. b Confocal fluorescence
microscopy images of DNA filaments at 25 ◦C and 45 ◦C, respectively. The filaments are
completely disassembled at 45 ◦C, resulting in a homogeneous distribution of the fluorophores
inside the droplet lumen. Scale bar: 20µm.
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Supplementary Figure S5: Confocal images of the DNA-based fil-

aments in bulk

Figure 5: Confocal images of the DNA filaments in bulk. Cy3-labelled DNA filaments (λex =
561 nm) in 1× TAE buffer containing 20 mM MgCl2 at different magnifications. Due to Mg2+

mediated interactions, the DNA filaments are prone to attach to the glass coverslide. Scale
bars: (a) 50 µm, (b) 10 µm and (c) 5 µm, respectively.
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Supplementary Figure S6: Microfluidic device and droplet forma-

tion

Figure 6: Microfluidic device and droplet formation. a Layout of the microfluidic T-junction
device for the encapsulation of the DNA filaments (supplied via the aqueous phase) into
surfactant-stabilized water-in-oil droplets. The droplets are collected from the outlet for
further imaging. The microfluidic PDMS devices (Sylgard184, Dow Corning, USA) have
been fabricated according to a previously published protocol [2] (see Methods). b Bright-field
high-speed camera image of a flow-focusing T-junction during the droplet formation. Scale
bar: 50 µm.
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Supplementary Figure S7: AFM images of assembly and disassem-

bly of the DNA-based filaments by strand displacement reactions

Figure 7: AFM images of reversible assembly and disassembly of the DNA filaments by
subsequent strand displacement reactions. a AFM image of the assembled DNA filaments
before adding the invader strands. b AFM image of the disassembled DNA filaments after
adding the invader strands. The DNA filaments are disassembled into individual DNA tiles.
c AFM image of the re-assembled DNA filaments upon adding the anti-invader strands.
Scale bars: 100 nm.
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Supplementary Figure S8: Determination of the required concen-

trations of invader and anti-invader strands

Figure 8: Determination of the required concentrations of invader and anti-invaders. a
Confocal images of 1 µM Cy3-labelled DNA filaments (λex = 561 nm) in 1× TAE buffer
containing 20 mM MgCl2. Addition of 2.5 µM invader strands is not sufficient to trigger the
filament disassembly, whereas 10 µM can trigger the disassembly. b Confocal images of 1 µM
Cy3-labelled DNA filaments (λex = 561 nm) in 1× TAE buffer containing 20 mM MgCl2.
Addition of 20 µM anti-invader strand is not sufficient to trigger the filament assembly,
whereas 37.5 µM can trigger the assembly. Images were taken approximately 10 minutes
after droplet production. From these results, the higher concentrations have been chosen for
the respective experiments.
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Supplementary Figure S9: Low ATP concentrations do not induce

filament assembly

Figure 9: Low ATP concentrations do not induce filament assembly. Confocal microscopy
image of 1 µM Cy3-labelled DNA tiles (λex = 561 nm) in 1× TAE buffer containing 20 mM
MgCl2 and 1 mM ATP. DNA tiles are still distributed homogeneously within the water-in-oil
droplets after about 10 minutes. Scale bar: 20 µm.
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Supplementary Figure S10: AFM images of the aptamer-specific

assembly and disassembly of the DNA-based filaments

Figure 10: AFM images of the aptamer-specific reversible assembly and disassembly of the
DNA filaments. a AFM image of the DNA tiles before adding NCL. Scale bar: 50 nm. b
AFM image of the DNA filaments after adding NCL. DNA tiles are assembled into DNA
filaments. Scale bar: 100 nm. c AFM image of the DNA tiles upon subsequent addition of
ATP. DNA tiles are again disassembled. Scale bar: 50 nm.
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Supplementary Figure S11: Strand routing diagram for the DNA

origami seed

Figure 11: Strand routing diagram for the DNA origami seed to implement a seeded growth
mechanism for the DNA filaments. a Layout of the DNA origami seed with the DNA
overhangs for the attachment of a gold nanoparticle (black box) and the DNA tiles (red
box). b Design and sequences of the tiles, which are attached to the overhangs on the DNA
origami seed for the directional growth of the filament. All DNA sequences are provided in
Supplementary Dataset 1.
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Supplementary Figure S12: Seeded growth mechanism

Figure 12: a Mechanism for the seeded growth of the DNA filaments. The M13 scaffold
is hybridized with specifically designed and custom-synthesized staple strands to form a
hollow seed tube. A gold nanoparticle (10 nm diameter) is attached to one end of the tube
via complementary base pairing. It serves as a label to distinguish the two ends of the
seed for TEM imaging. The DNA tiles are added to the seed to implement seeded and
directional growth of the DNA filaments. b TEM images of the DNA origami seeds. The
gold nanoparticles are clearly visible on one of the ends of the tubes, leaving the other end
open for attachment of the DNA tiles. Scale bars: 100 nm (left image) and 200 nm (right
image), respectively.
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Supplementary Figure S13: TEM and confocal images of seeded

growth

Figure 13: a TEM images demonstrating the successful implementation of the seeded growth
mechanism as laid out in Fig. S12. The gold nanoparticles are clearly visible at one of the
ends of the filaments, which extend from the DNA origami seeds. Scale bars: 200 nm (top
image) and 100 nm (bottom images). b Confocal fluorescence microscopy image of the seeded
DNA filaments encapsulated inside a water-in-oil droplet. Scale bar: 20µm.
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Supplementary Figure S14: Size distribution of the SUVs

Figure 14: Intensity particle size distribution (PSD) of the SUV diameter determined by
dynamic light scattering (DLS). The measurements have been performed using a solution
of 1 mL of 200 µM SUVs. The average diameter and the standard deviation have been
determined from 3 individual runs each containing 14 measurements. The distribution reveals
a mean diameter of 65 ± 16 nm.
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Supplementary Figure S15: STED imaging confirms the binding of

the SUVs to the DNA-based filaments

Figure 15: STED imaging confirms binding of the SUVs to the DNA filaments. STED images
of the Cy3-labeled DNA filaments (λex =560 nm), Atto633-labeled SUVs (λex =640 nm) as
well as composite images. SUVs colocalize with DNA filaments. Scale bars: 5 µm.
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Supplementary Figure S16: Color-coded z-projections of the DNA-

SUV networks

Figure 16: Color-coded confocal z-projections of the DNA networks (λex =561 nm) in the
presence of SUVs reconstructed from the confocal microscopy images at t = 0 min. From the
images one can deduce the tendency of the DNA filaments to form more compact networks
with a higher SUV density, possibly due to crosslinking of multiple DNA filaments by single
SUVs. 1× RNase H corresponds to 5 units of RNase H and 1× SUVs corresponds to a
concentration of 25 pM. Scale bar: 20 µm.
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Supplementary Figure S17: Composite images of the DNA-SUV

networks

Figure 17: Composite bright-field and confocal microscopy images of the DNA-SUV net-
works (Cy3-labeled DNA, λex =561 nm, orange or Atto633-labeled SUVs λex =640 nm, red)
encapsulated into water-in-oil droplets at t = 0 min. The images show the loss of fluorescence
of the DNA filaments already at t = 0 min as well as complete binding of SUVs to the DNA
filaments at low SUV concentrations. 1× RNase H corresponds to 5 units of RNase H and
1× SUVs corresponds to a concentration of 25 pM. Scale bar: 20 µm.
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Supplementary Figure S18: DNA filaments remain intact after

transport

Figure 18: TEM images of the DNA-based filaments after apparent cargo transport of a
SUVs and b gold nanoparticles. The filaments have been released from the droplets after
cargo transport by breaking them up with addition of perfluoro-1-octanol (PFO) destabilizing
agent. [3] The filaments remain intact after transport, confirming that the decrease in porosity
((1−Φ) ·100%) is not due to filament disassembly. The fluorophores have been cleaved from
the filaments, while leaving the filaments intact. Furthermore, the cargos (SUVs or gold
nanoparticles) have detached from the filaments after cargo transport. Scale bar: 200 nm.
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Supplementary Figure S19: Control experiments for SUV trans-

port

Figure 19: a Porosity ((1 − Φ) · 100%) in droplets over time without RNase H (mean +/-
standard deviation for n = 4 droplets). The red line represents a linear fit, the decay
corresponds to the rate of photobleaching. Photobleaching only causes a decrease of the
porosity by 2 % over the course of 150 minutes. b Porosity ((1 − Φ) · 100%) in droplets
over time without cholesterol-tagged DNA in the presence of RNase H (mean +/- standard
deviation for n = 12 droplets). In this control experiment, the SUVs do not bind to the
DNA filaments. Hence, transport should not occur and any reduction in (1−Φ) · 100% can
be attributed to either photobleaching or unspecific cutting of the RNase H.
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Supplementary Figure S20: TEM images of the gold nanoparticles

attached to the DNA filaments

Figure 20: TEM images of the gold nanoparticles attached to the DNA filaments.
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Supplementary Figure S21: TEM indicates rolling of gold nanopar-

ticles along the DNA-based filaments

Figure 21: a Schematic of gold nanoparticles by rolling motion using RNase H mediated
cleaving of the RNA part of an RNA-DNA duplex on a DNA filament. The biotin func-
tionalized single-stranded RNA-DNA (red-green, binds to streptavidin (STV)) is anchored
on the filaments through DNA-DNA hybridization (black and green). The DNA strands
(gray) on the gold nanoparticle hybridize with the RNA part. Upon addition of RNase H,
the DNA-RNA double helix is cut, and STV is released. b TEM images of the filaments
with STVs after adding RNase H. The dotted red frame demonstrates that RNA strands
with STVs are cut since no STVs are attached on the filaments. The dotted black frame
shows anchored STVs on the filaments without cutting.
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Supplementary Figure S22: Mechanism of motion

Figure 22: Mechanism of the particle motion. a Strategy to verifying how SUVs move along
the DNA filaments. To demonstrate whether the SUVs roll, hop or glide along the DNA
filaments, the free DNA on the SUVs is blocked by hybridization with blocking DNA strands
(purple). The same experiment has been performed for gold nanoparticles. b Porosity ((1-
Φ)·100%) measurements in the presence of the blocking DNA strands for gold nanoparticles
(blue) and SUVs (red), respectively. The measured porosity remains nearly constant in each
case. This indicates that the cargo transport along the filaments will halt, when the rolling
motion is inhibited.
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Supplementary Figure S23: DNA density on gold nanoparticles

Figure 23: Quantification of the DNA density on gold nanoparticles. a Illustration of the ex-
perimental procedure used for the quantification of the DNA density on gold nanoparticles.
b UV-Vis spectra of the released DNA (mean and standard deviation from n=5 indepen-
dent experiments). DNA coverage of 126±10 strands per gold nanoparticle or a density of
0.10±0.01 strands per nm2 is obtained.
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Supplementary Figure S24: DNA density on SUVs

Figure 24: Quantification of the DNA density on SUVs. a Quantification of the loss of
lipids after SUV extrusion. The fluorescence intensity of the lipid mixture (99% DOPC,
1% Atto633-DOPE) is determined before and after extrusion. 9.07% of the lipids are lost
during the extrusion process (mean and standard deviation from n=4 independent measure-
ments). b Incorporation efficiency of single-stranded cholesterol-tagged DNA into SUVs.
The concentration of DNA is determined from UV absorbance measurements. The refer-
ence measurement is taken before addition to SUVs (“before purification”). Afterwards, the
cholesterol-tagged DNA is incubated in excess with SUVs. The DNA concentration in the
supernatant is measured (“after purification”). It corresponds to the unbound fraction of
DNA (mean and standard deviation from n=3 independent experiments). 27.8±2.2% of 2
µM cholesterol-tagged DNA binds to SUVs (10 µM lipids before extrusion). This gives rise
to a DNA density on the SUVs of 0.18±0.01 DNA strands per nm2.
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Supplementary Figure S25: Influence of the RNase H concentration

on the SUV transport

Figure 25: Influence of the RNase H concentration on the apparent SUV transport. Porosity
((1 − Φ) · 100%, as a measure for the SUV transport) of the DNA filaments over time at
different RNase H concentrations. 1× RNase H corresponds to 5 units of RNase H. Less
RNase H (0.2×) or more RNase H (5×) lead to a decrease in transport. This could be due
to the high viscosity of the RNase H solution, which contains 50 % glycerol and thus reduces
diffusion speeds. [4]
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Supplementary Figure S26: Decay constants for the DNA network

fluorescence decrease

Figure 26: Decay constants for the DNA network fluorescence decrease. The porosity de-
crease over time is fitted with a one phase exponential decay revealing the apparent decay
constant of the network fluorescence. The decay constant increases from negligible decay
for 2.5 pM SUVs to 0.017 ± 0.001 1/min for 25 pM SUVs and to 0.028 ± 0.001 1/min for
250 pM SUVs. In the presence of 6 nM gold nanoparticles the decay constant is found to be
0.016 1/min.

Supplementary Videos

Supplementary Video S1: Dynamics of the toehold-modified DNA

filaments inside water-in-oil droplets

Confocal timelapse of 500 nM Cy3-labelled toehold-modified DNA filaments (λex = 561 nm)

in a 1× TAE buffer containing 12 mM MgCl2. After polymerization, the DNA filaments

remain highly dynamic with constant rearrangement and remodelling. The video corresponds

to the filaments shown in Fig. 2c. Scale bar: 50 µm.
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Supplementary Video S2: Time-resolved polymerization of the ATP-

aptamer-modified DNA filaments inside water-in-oil droplets

Confocal time series of 1 µM Cy3-labelled DNA filaments (λex = 561 nm) in a 1× TAE buffer

containing 20 mM MgCl2 and 2 mM ATP. Over the course of 150 min, DNA filaments assem-

ble inside the surfactant-stabilized water-in-oil droplets. The corresponding quantification

of the porosity (i.e. the degree of polymerization) is shown in Fig. 3b (orange curve). Scale

bar: 10 µm.

Supplementary Video S3: Time-resolved polymerization of actin

filaments inside water-in-oil droplets

Confocal time series of actin-containing water-in-oil droplets (10 µM) labeled with phalloidin-

rhodamine (λex =561 nm). The video depicts a colour-coded z-projection of actin fluores-

cence over the course of 90 min. In the presence of ATP-containing actin polymerization

buffer (see Methods), actin polymerizes over time into micron-sized filaments. The corre-

sponding quantification of the porosity (i.e. the degree of polymerization) is shown in Fig.

3b (red curve). Scale bar: 20 µm.

Supplementary Video S4: Dynamics of the DNA filaments with

aptamers for nucleolin and ATP targets inside water-in-oil droplets

Confocal time series of 500 nM Cy3-labelled DNA filaments (λex = 561 nm) in a 1× TAE

buffer containing 20 mM MgCl2 and 1.5 µM nucleolin. Like the toehold-modified filaments

(Video S1), the aptamer-functionalized DNA filaments remain highly dynamic with constant

rearrangement and remodelling after polymerization. Scale bar: 20 µm.

32



Supplementary Video S5: SUV transport on DNA filaments inside

water-in-oil droplets

Confocal time series of 250 nM Cy3-labeled DNA filaments (λex = 561 nm, orange) and

25 pM Atto633-labeled SUVs (λex = 633 nm, red) inside a water-in-oil droplet containing

0.25 units/µL of RNase H and 1× RNase H reaction buffer. The DNA filaments lose their

fluorescence over time due to apparent RNase-mediated SUV transport. Scale bar: 20 µm.
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Supporting Figures

Supporting Figure 1: Cryo electron micrographs of st, tt and st-azo

DNA filaments

Figure 1: Cryo electron micrographs of st, tt and st-azo DNA filaments verifying the correct
assembly of the respective DNA tiles into micrometer long filaments. Scale bars: 100 nm.

5



Supporting Figure 2: Single-tile DNA filament diameter from cryo

electron micrographs

Figure 2: Distribution of single-tile (st) DNA filament diameters as determined from cryo
electron micrographs (n = 20). Filament diameters were measured with the line profile tool
in ImageJ. A Gaussian fit reveals a diameter of 14.5 ± 1.8 nm, consistent with the assembly
of filaments consisting of 12-14 DNA duplexes.
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Supporting Figure 3: Examples and overview of polymerized single-

tile DNA filaments within GUVs

Figure 3: a Examples of polymerized single-tile (st) DNA filaments with within GUVs.
Confocal fluorescence images of GUVs (green, λex =488 nm) containing 500 nM st DNA
filaments after GUV formation (orange, λex =561 nm, see Supporting Table 1). Scale bars:
10 µm. b Overview confocal image of successful encapsulation of st DNA filaments into
GUVs at high yield. GUVs (green, λex =488 nm) contain 500 nM st DNA filaments (orange,
λex =561 nm). Scale bar: 100 µm.
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Supporting Figure 4: Single-tile DNA filaments inside water-in-oil

droplets before the release of free-standing GUVs

Figure 4: Confocal images of 500 nM st DNA filaments (orange, labelled with Cy3, λex =
561 nm) within surfactant-stabilized water-in-oil droplets over time in presence of 1.25 mM
lipids in the form of SUVs (green, 69% DOPC, 30% DOPG, 1% Atto488-DOPE, λex =
488 nm) and 10.5 mM Krytox (top three rows), 10.5 mM Krytox (4th row) or in the absence
of Krytox (bottom row). After the formation of a supported lipid bilayer at the droplet
periphery, access SUVs are dragged out of the aqueous phase inside the droplet into the oil
phase. [1] st DNA filaments are disassembled and initially localized at the droplet periphery
but homogeneously distributed inside the droplet lumen after 30 min i.e. once exccess SUVs
have been dragged out of the droplet-stabilized GUV. This suggests that st DNA tiles interact
with the negatively charged Krytox at the droplet periphery. They are then displaced from
the droplet periphery once the SUVs fused and created a droplet-stabilized GUV. This is
also confirmed by the fact that the st DNA tiles remain at the droplet periphery in the
absence of SUVs (4th row). The fact that the DNA filaments do not reassemble suggests
that the presence of Krytox in the oil phase can lead to significant changes of the chemical
environment inside water-in-oil droplets by possibly reducing the pH (Krytox has a carboxylic
acid head group) or extracting ions by micellular exclusion. Scale bar: 10 µm.
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Supporting Figure 5: DNA filaments with orthogonal two-tile de-

sign polymerize within GUVs

Figure 5: DNA filaments with orthogonal two-tile (tt) design polymerize within GUVs.
Confocal fluorescence images of GUVs (λex =488 nm, green) containing 250 nM RE and SE
tiles (λex =561 nm, orange, see Supporting Table 2). DNA filaments assemble within 20 h
after GUV formation. Scale bars: 20 µm and 10 µm, respectively.
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Supporting Figure 6: DNA filament assembly inside GUVs over

time

Figure 6: DNA filament assembly inside GUVs over time for st, tt and st-azo DNA filaments.
a st DNA filaments (orange, λex =561 nm) assemble within 30 min inside GUVs (green,
λex =488 nm) after the GUV formation process. Scale bar: 10 µm. Note that they are in
a disassembled state prior to the GUV release from the water-in-oil droplets due to the
presence of Krytox. b tt DNA filaments (orange, λex =561 nm) do not fully assemble within
30 min inside GUVs (green, λex =488 nm). Their assembly takes about 2-3 h. Scale bar:
10 µm. c Porosity over time for the assembly processes of st (red), tt (black) and st-azo
(blue) DNA filaments inside GUVs. The data was fitted with a linear fit revealing slopes of
0.30 ± 0.02 % min−1 (st), 0.15 ± 0.01 % min−1 (tt) and 0.13 ± 0.01 % min−1 (st-azo). This
indicates an at least two-fold faster assembly for st DNA filaments compared to tt and st-
azo DNA filaments due to the necessity of two tiles or azobenzene cis-trans isomerization for
filament assembly.
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Supporting Figure 7: tt DNA filament clustering due to the pres-

ence of Mg2+

Figure 7: Confocal overlay images of 500 nM tt DNA filaments (orange, labelled with Cy3,
λex = 561 nm) encapsulated into GUVs (green, 69% DOPC, 30% DOPG, 1% Atto488-DOPE,
λex = 488 nm) in presence of 5 mM, 10 mM or 20 mM MgCl2 at different time points. tt DNA
filaments have slower polymerization kinetics compared to st DNA filaments. DNA filaments
cluster over time with increasing Mg2+ concentrations. At 20 mM Mg2+, the filaments form a
clump within the droplet lumen. Note that we used 10 mM Mg2+ for almost all experiments
in the manuscript due to the enhanced GUV formation compared to 5 mM Mg2+ (SUVs
require Mg2+ to fuse to the droplet periphery ( [1]). Scale bar: 10 µm.
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Supporting Figure 8: Schematic representation of the st overhang

modified with azobenzene (st-azo)

Figure 8: Schematic representation of the st overhang modified with azobenzene (st-azo)
for reversible cytoskeleton assembly with UV light. a DNA filaments disassemble due to
trans-cis isomerization induced via UV illumination and reassemble due to thermal cis-trans
isomerization. b Chemical structure of the conjugation of azobenzene in between two bases
at the DNA tile overhang.
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Supporting Figure 9: Azobenzene-modified DNA filaments disas-

semble within GUVs after UV illumination

Figure 9: Azobenzene-modified DNA filaments (st-azo) disassemble within GUVs after 20 s
of illumination with the UV laser of a confocal microscope. Confocal fluorescence images of
GUVs (green, λex =488 nm) containing 500 nM st-azo DNA filaments (orange, λex =561 nm,
for DNA sequences see Supporting Table 3). Confocal images are taken directly before (left
column) and directly after the 20 s of UV illumination. Scale bar: 10 µm.
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Supporting Figure 10: UV illumination does not affect unmodified

DNA filaments inside GUVs

Figure 10: st filament disassembly upon UV-illumination is not observed in the absence of
the azobenzene modification. Hence, UV illumination does not destroy st DNA filaments
inside GUVs. Confocal images at different time points during UV-illumination show GUVs
(green, λex =488 nm) in the equatorial plane (a) or as color-coded z-projection (b). GUVs
contain 500 nM unmodified st DNA filaments (orange, λex =561 nm) during illumination
with UV light for up to 4 min. Scale bar: 10 µm. While some bleaching is observed, the
filaments do not disassemble without the azobenzene modification.
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Supporting Figure 11: Unmodified st DNA filaments do not disas-

semble during UV illumination.

Figure 11: Unmodified st DNA filaments do not disassemble during UV illumination. a
Confocal images of 500 nM st DNA filaments (orange, labelled with Cy3, λex = 561 nm)
encapsulated within GUVs (green, 69% DOPC, 30% DOPG, 1% Atto488-DOPE, λex =
488 nm) before and after UV illumination. The GUV was illuminated with UV light for 20 s
at 0 min and 28 min. Scale bar: 10 µm. b Normalized porosity over time of st and st-azo
DNA filaments within GUVs. We do not detect any significant decrease in the porosity, i.e.
filament disassembly, of st DNA filaments over time.
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Supporting Figure 12: Analysis of the reversible assembly of azobenzene-

modified DNA filaments within GUVs

Figure 12: Analysis of the reversible assembly of azobenzene-modified DNA filaments (st-
azo) within GUVs. a Porosity of DNA filament fluorescence, corresponding to the degree
of filament polymerization, over time inside a GUV. Each reassembly process after UV
illumination for 15 s was fitted (red lines) with a linear fit of the form y = pchangex + b. b
Average slope of the linear fit pchange during each disassembly-reassembly cycle reveals the
reversible assembly of DNA filaments with no fatigue for the first three cycles with an average
porosity change of pchange = 0.027 ± 0.003 % min−1. The decrease of the porosity change in
subsequent cycles can likely be attributed to a combination of photobleaching, UV damage
and trapped states of the isomerization process.
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Supporting Figure 13: Azobenzene-modified DNA filaments assem-

ble reversibly within GUVs

Figure 13: Azobenzene-modified (st-azo) DNA filaments assemble reversibly within GUVs.
a Confocal fluorescence images of a GUV (green, λex =488 nm) containing 500 nM st-azo
DNA filaments (orange, λex =561 nm, for DNA sequences see Supporting Table 3). DNA
filament disassembly can be induced reversibly by UV illumination. Note that during the
first illumination cycle the UV exposure was 3 min and 15 s for the others. b Porosity over
time for the GUV shown in a. DNA filaments reassemble over the course of 30 min. Time
points of UV illumination are indicated. Scale bar: 10 µm.
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Supporting Figure 14: Dextran induces bundling of st DNA fila-

ments in bulk and in GUVs

Figure 14: Dextran induces bundling of st DNA filaments in bulk and in GUVs. a Color-
coded z-projections of st DNA filaments (λex=561 nm) with varied amounts of 35 kDa dextran
as indicated. Scale bar: 50 µm. b Number of detected filaments per image for varying dextran
concentrations. The number of detected filaments corresponds to the degree of bundling as
bundles are comprised of multiple st DNA filaments. c Overlay of the equatorial plane of
a GUV (488 nm) and a color-coded z-projection of 500 nM st DNA filaments in presence of
20 mg/ml 35 kDa dextran. Scale bar: 10 µm.
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Supporting Figure 15: Methylcellulose induces bundling of st DNA

filaments in bulk

Figure 15: Methylcellulose (MC) induces bundling of st DNA filaments in bulk. a Colour-
coded z-projections of st DNA filaments (λex=561 nm) with varied amounts of MC as in-
dicated. Scale bar: 50 µm. b Number of detected particles per image for different MC
concentrations. The number of detected particles corresponds to the degree of bundling as
bundles are comprised of multiple st DNA filaments. The number of particles was analyzed
from confocal images using the Analyze Particle function in ImageJ.
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Supporting Figure 16: Persistence length analysis

Figure 16: Persistence length analysis. Tangent correlation 〈t̂(x) · t̂(x + ∆x)〉 over the
distance ∆x between the tangents from all considered filaments for the conditions st (n =
15, lp = 6.46± 0.26 µm), st +6 kDa dextran (n = 15, lp = 12.81± 0.53 µm), st +35 kDa
dextran (n = 11, lp = 21.73± 0.59 µm), st +500 kDa dextran (n = 13, lp = 17.09± 0.86 µm)
and st + 500 kDa methylcellulose (n = 13, lp = 26.75± 0.80 µm). The tangent correlation
increases in presence of the molecular crowders.
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Supporting Figure 17: Cryo electron micrographs of st DNA bun-

dles formed by addition of dextran

Figure 17: Cryo electron micrographs of st DNA bundles formed by addition of dextran to
st DNA filaments. Scale bars: 200 nm.
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Supporting Figure 18: TEM images of st DNA bundles formed by

addition of methylcellulose

Figure 18: Transmission electron microscopy (TEM) images of DNA bundles formed by
addition of methylcellulose (MC, 0.4 wt%) to st DNA filaments. 500 nM DNA filaments
form long and thick bundles because MC acts as a crowding agent. Scale bars (from left to
right): 4 µm, 1 µm and 200 nm.
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Supporting Figure 19: st DNA bundles formed by addition of

methylcellulose cannot be reconstituted into GUVs

Figure 19: DNA bundles formed from st filaments by addition of methylcellulose (MC) cannot
be reconstituted into GUVs using the droplet-stabilized GUV formation method. [2] Confocal
image of st DNA bundles (lambdaex =561 nm inside water-in-oil droplets in presence of
negatively charged fluorosurfactant Krytox and small unilamellar vesicles (SUVs, λex =
488 nm). Even after up to three days, SUVs do not fuse with the droplet periphery likely
due to the high viscosity of the MC-containing solution. Therefore, GUVs containing MC
cannot be formed with the droplet-stabilized method. We thus used dextran as an alternative
crowding agent. Scale bar: 100 µm.

23



Supporting Figure 20: Confocal overlay of bundled st DNA fila-

ments form ring-like structures inside GUVs

Figure 20: Color-coded confocal z-projection and corresponding brightfield image of 50 nM
st filaments in presence of 20 mg/ml 35 kDa dextran inside a GUV. Scale bar: 5 µm.
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Supporting Figure 21: Bundled st DNA filaments form ring-like

structures inside GUVs

Figure 21: Bundled DNA filaments form ring-like structures inside GUVs. Exemplary con-
focal fluorescence images of GUVs (green, top row, λex=488 nm) containing 200 nM DNA
filaments and 30 mg/ml dextran as a bundling agent. DNA bundles (λex=561 nm) are shown
as colour-coded z-projections. After the formation of GUVs, the DNA filaments were re-
annealed in the thermocycler. Scale bar: 10 µm.
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Supporting Figure 22: Disassembly of bundled st-azo DNA fila-

ments inside GUVs

Figure 22: Color-coded z-projections of 500 nM st-azo DNA bundles (labelled with Cy3,
λex = 561 nm) within GUVs during continuous UV illumination over time. DNA bundles
also form for st-azo DNA filaments. Filament disassembly requires longer illumination times
than in absence of the molecular crowder (180 s vs. 20 s). Filament disassembly of bundled
filaments only worked in smaller GUVs (indicated by a white arrow). This is likely due
to the fact that DNA bundles in smaller GUVs consist of less DNA filaments due to their
limited availability. Scale bar: 20 µm.
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Supporting Figure 23: GUV formation efficiency increases in pres-

ence of cholesterol-tagged DNA filaments

Figure 23: GUV formation efficiency increases in presence of membrane-bound st-chol DNA
filaments. Confocal fluorescence z-projection of GUVs (λex=488 nm) containing 1 µM st-chol
or 500 nM st DNA filaments and 1 µM of cholesterol-tagged DNA. Each individual tile of
the DNA filaments contains a complementary overhang for the cholesterol-tagged DNA (for
DNA sequences see Supporting Table 3). The release efficiency increases more than five-fold
from ≈ 1500 GUVs/µL for st filaments to ≈ 8000 GUVs/µL for st-chol filaments. Scale bar:
100 µm.
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Supporting Figure 24: DNA filaments are recruited to the inner

membrane of GUVs in the presence of cholesterol-tagged DNA

Figure 24: st DNA filaments are recruited to the inner membrane of GUVs in the presence of
a cholesterol-tagged DNA which is complementary to a single-stranded overhang positioned
on each individual st. Confocal fluorescence images of GUVs containing 500 nM st-chol DNA
filaments (orange, λex =561 nm) and varied amounts of cholesterol-tagged DNA. For DNA
sequences see Supporting Table 3. Scale bar: 10 µm.
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Supporting Figure 25: Membrane-bound DNA filaments suppress

membrane fluctuations

Figure 25: Membrane-bound DNA filaments suppress membrane fluctuations. a Confocal
time series of deflated GUVs (green, 69% DOPC, 30% DOPG, 1% Atto488-DOPE, λex =
488 nm, cout/cin = 600 mOsm/300 mOsm = 2) containing normal st or membrane-bound st-
chol DNA filaments (orange, labelled with Cy3, λex = 561 nm) over time. Scale bar: 10 µm
and 5 µm, respectively. See Videos 6 and 7 for the entire time series. b Deflated st DNA
filament-containing GUVs fluctuate and undergo shape transformations. Such dynamics
cannot be observed for membrane-bound st-chol DNA filaments. Scale bar: 10 µm.
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Supporting Tables

Supporting Table 1: DNA sequences for st DNA filaments

Table 1: DNA sequences from 5’ to 3’ for st DNA filaments, adapted from. [3]

Name DNA sequence

S1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT
S2 (Atto488-)TGGTATTGTCTGGTAGAGCACCACTGAGAGGTA

S3
CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCA-

CCAACGCTGGTAAGTCTCCTTCTTATCT(-Cy3/Atto633)
S4 CAGACAGTTTCGTGGTCATCGTACCT
S5 CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC

Supporting Table 2: DNA sequences for two-tile DNA filaments

Table 2: DNA sequences from 5’ to 3’ for two-tile DNA filaments.

Name DNA sequence

RE1 CGTATTGGACATTTCCGTAGACCGACTGGACATCTTC
RE2 TCTACGGAAATGTGGCAGAATCAATCATAAGACACCAGTCGG
RE3 CCTCACCTTCACACCAATACGAGGTA
RE4 CAGACGAAGATGTGGTAGTGGAATGC
RE5 CCACTACCTGTCTTATGATTGATTCTGCCTGTGAAGG
SE1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT
SE2 GTCTGGTAGAGCACCACTGAGGCATT

S3
CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCA-

CCAACGCTGGTAAGTCTCCTTCTTATCT(-Cy3)
SE4 TGAGGAGTTTCGTGGTCATCGTACCT
SE5 CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC
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Supporting Table 3: DNA sequences for modified DNA filaments

Table 3: DNA sequences from 5’ to 3’ for modified DNA filaments. The symbol X represents
the positioning of an azobenzene modification.

Name DNA sequence

Invader ACCAGACAATACCAATCCGC
S4-Azo CAXGACAGTTTCGTGGTCATCGTACXCT
Chol-link Chol-TTTAGATAAGAAGGAGACTTACC
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Supporting Movies

Supporting Movie 1: Dynamics of st DNA filaments inside GUVs

Confocal fluorescence time series of 500 nM st DNA filaments (orange, λex=561 nm) within

GUVs (green, λex=488 nm). DNA filaments are stably encapsulated and dynamic inside the

GUV lumen. Scale bar: 10 µm.

Supporting Movie 2: Bundling of st DNA filaments with polyethy-

lene glycol as molecular crowder

Confocal fluorescence time series of 500 nM st DNA filaments (λex=561 nm) in presence of

5 wt% polyethyleneglycol (8000 Da, PEG-8k). DNA filaments condense into bundles within

minutes due to molecular crowding induced by PEG-8k. Scale bar: 50 µm.

Supporting Movie 3: DNA cortex formation via bundling agents

Confocal fluorescence z-stack of 500 nM st DNA filaments (λex=561 nm) in presence of 35 kDa

dextran within a GUV. DNA filaments bundle and condense at the GUV periphery. Scale

bar: 10 µm.

Supporting Movie 4: st-chol DNA filaments diffuse on SLBs

Confocal fluorescence time series of 5 nM st-chol DNA filaments (λex=561 nm) on a supported

lipid bilayer (SLB, λex=488 nm). Filaments break and reform by diffusion on the lipid bilayer.

Scale bar: 20 µm.
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Supporting Movie 5: DNA cortex formation induced by cholesterol-

tagged DNA-mediated linking

Confocal fluorescence z-stack of 500 nM st-chol DNA filaments (λex=561 nm) within a GUV.

DNA filaments condense at the GUV periphery due to recruitment by the cholesterol-tagged

DNA, which is complementary to a single-stranded DNA overhang on the filaments. Scale

bar: 10 µm.

Supporting Movie 6: GUVs are deformed by st-chol DNA filaments

Confocal fluorescence time series of 1 µM st-chol DNA filaments (λex=561 nm) within GUVs

(λex=488 nm). DNA filaments deform the deflated GUV from within and suppress membrane

fluctuations. Scale bar: 10 µm.

Supporting Movie 7: Deflated GUV in presence of st DNA fila-

ments

Confocal fluorescence time series of 500 nM st DNA filaments (λex=561 nm) within GUVs

(λex=488 nm). st DNA filaments do not deform deflated GUVs. Scale bar: 10 µm.
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1 Materials and Methods

1.1 GUV formation

18:1 Atto488-DOPE was purchased from ATTO-TEC GmbH. All other lipids were pur-
chased from Avanti Polar Lipids, Inc., and stored in chloroform at −20 °C (for a complete
list of used lipids see Table S1). Giant unilamellar vesicles (GUVs) were produced via the
electroformation method [1] using a VesiclePrepPro device (Nanion Technologies GmbH).
Four types of GUVs were produced for the experiments shown in main. Phase-separated
GUVs (Table S2, Mix 1) are composed of 27.125 % 18:1 DOPC, 24,75 % cholesterol,
37.125 % 16:0 DPPC, 10 % cardiolipin (CL), 1 % 18:1 LissRhod PE if not stated other-
wise. Single-phase GUVs (Mix SP1) are composed of 70 % EggPC, 29 % EggPG, 1 %
18:1 Atto488-DOPE, whereas lo single-phase GUVs are composed of 49,5 % 18:1 DOPC,
49,5 % cholesterol, 1 % CF PE (lo Mix) and ld single-phase GUVs are composed of 4,75
% 18:1 DOPC, 74.25 % 16:0 DPPC , 20 % cardiolipin (CL), 1 % 18:1 LissRhod PE (ld
Mix). Note that DPPC membranes containing 20 mol% CL were shown to exhibit a ld
phase [2]. Furthermore, addition of < 10 mol% of DOPC disrupts the order of DPPC
membranes [3]. To test the phase separation behavior of GUVs, vesicles from twelve
different additional lipid mixtures were prepared, for details see Tables S2-S4. 40 µl of
1 mM lipid mix in CHCL3 were homogeneously spread on the conductive side of an in-
dium tin oxide (ITO) coated glass coverslide (Visiontek Systems Ltd) using a cover slide.
The lipid-coated ITO slide was subsequently placed under vacuum for at least 30 min to
achieve complete evaporation of the CHCL3. A rubber ring with a diameter of 18 mm
was placed on the lipid-coated ITO slide. The ring was filled with 275 µl buffer solution,
before creating a sealed chamber by placing a second ITO slide on top. The buffer solution
used for the phase-separated GUVs contained 300 mM sucrose (Sigma-Aldrich Corp.) and
10 mM HEPES (Sigma-Aldrich Corp.). The solution for the lo and ld single-phase GUVs
(lo Mix and ld Mix) contained 300 mM sucrose. Both solutions were preheated to 65 °C.
For the single-phase GUVs (Mix SP1) a 500 mM sucrose solution at room temperature
was used. The assembled electroformation chamber was placed into the VesiclePrepPro
and connected to the electrodes. A programmable AC field was applied across the ITO
slides. For the phase-separated GUVs, a custom-written multi-step program with defined
temperature, voltage, AC-frequency and duration was used (see Table S5). For both
single-phase GUVs the preinstalled Standard program was selected (see Table S6). GUVs
were collected immediately after formation according to the protocol and stored at 4 °C
for up to 2 days.
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1.2 SUV formation

Small unilamellar vesicles (SUVs) composed of 49,5 % 18:1 DOPC, 49,5 % cholesterol, 1
% CF PE (lo Mix) were formed by mixing the lipids dissolved in CHCl3in a glass vial and
subsequent solvent evaporation under a stream of nitrogen gas. The glass vial was then
placed under vacuum for at least 30 min to remove residual traces of solvent. A solution
of 300 mM sucrose was preheated to 65 °C and added to the glass vial to resuspend the
lipids at a concentration of 3 mM. After 10 min swelling at 65 °C the solution was vor-
texed at 1000 rpm for at least 5 min to trigger liposome formation. Homogenous SUVs
were formed by extruding the liposome solution nine times through a polycarbonate filter
with a pore size of 100 nm (Avanti Polar Lipids, Inc.). During this step the extruder was
heated to 65 °C using a heating plate. The SUVs were stored at 4 °C for up to 5 days.

1.3 Confocal fluorescence microscopy

A confocal laser scanning microscope LSM 800 or LSM 880 (Carl Zeiss AG) was used
for fluorescence imaging. The images were acquired using a 20x air (Objective Plan-
Apochromat 20x/0.8 M27, Carl Zeiss AG) and a 40x water immersion objective (LD C-
Apochromat 40x/1.1 W, Carl Zeiss AG). To visualize the phase separation of the GUVs,
6-FAM-labelled cholesterol-tagged DNA (Integrated DNA Technologies, Inc.; DNA se-
quence: 5’ 6-Fam-CTATGTATTTTGCACAGTTT-Chol 3’; HPLC purified, DNA #1)
was used which partitioned mainly into the lo phase [4]. LissRhod PE labelled the ld
phase. 6-FAM and Atto488-DOPE were excited with a 488 nm diode laser (Carl Zeiss
AG), LissRhod PE with a diode or Argon laser at 561 nm (Carl Zeiss AG). In order to
release the fluorescein for the light-triggered division, CMNB-caged fluorescein was illu-
minated with a diode laser at 405 nm. Images were analyzed with ImageJ (contrast and
brightness adjustments and TrackMate) and Matlab.

1.4 Theoretical predictions

All calculations were carried out with MathWorks Matlab (9.5.0.944444 R2018b) and
Jupyter (v. 4.4.0) as described in the main text. The derivation of the equations is shown
in Supplementary Note S1.

5



1.5 Determination of osmolality

The osmolality of all solutions was measured with the Osmomat 030 (Gonotec GmbH). Be-
fore use, the osmometer was calibrated with calibration solutions of 0 , 300 and 900 mOsm/kg
(Gonotec GmbH). Each measurement was carried out with a sample volume of 50 µl. Note
that for the quantities that are calculated here, the osmolality is a good approximation for
the osmolarity (see Note S3). The measurement error of the osmometer itself (in terms
of reproducibility) is below 0.5%.

1.6 Enzymatic osmolarity change

Invertase from bakers’s yeast (S. cerevisiae) grade VII, ≥ 300 units/mg was purchased
from Sigma-Aldrich Corp. Nominally, one unit of the enzyme hydyrolyzes 1 µmol of su-
crose per minute to produce fructose and glucose at pH 4.5 at 55 °C. The GUV solution
obtained from electroformation was mixed with a solution containing 1 mg ml−1 invertase
such that the final concentration of invertase was 44.4 mg l−1 and in a second experiment
22.2 mg l−1. Immediately after mixing, a part of the solution was used for division exper-
iments with phase-separated GUVs in a sealed observation chamber. The other part was
used for osmolality measurements over time. The experiments were carried out at room
temperature.

1.7 Light-mediated osmolarity change

CMNB-caged fluorescein (Fluorescein bis-(5-Carboxymethoxy-2-Nitrobenzyl)-Ether, dipotas-
siumsalt) was purchased from Sigma-Aldrich Corp., dissolved in 100 mM Tris buffer at
pH 8.0 at a final concentration of 50 mM and stored at −20 °C until use. Phase-separated
GUVs were produced in 13 mM sucrose and mixed with an osmolarity-matched solution
of CMNB-caged fluorescein leading to a final concentration of 1.73 mM CMNB-caged flu-
orescein. Note that the concentration of the sucrose solution was reduced to ensure a
sufficiently large osmolarity change despite the limited concentration of the caged fluo-
rescein (see Note S2). Each phase-separated GUV was imaged with confocal fluorescence
microscopy for at least 100 s before illumination with 405 nm laser light (70 % laser in-
tensity) leading to the uncaging of CMNB-caged fluorescein and hence a local increase in
osmolarity.
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1.8 Absorbance measurements

The absorbance of CMNB-caged fluorescein was measured with a plate reader (TECAN
microplate reader SPARK®) in the range from 300-700 nm using a 96-well plate. The
settle time was set to 50 ms. In order to induce uncaging of CMNB-fluorescein, the so-
lution was transferred into a PCR-tube, diluted with MQ and put under a UV-lamp
(Hamamatsu LIGHTNINGCURE Spot light source LC8, 100 % power). Subsequently,
the solution was pipetted into the well-plate again and measured for a second time.

1.9 Calcium-mediated vesicle fusion

Ld-phase GUVs (20 % CL, 74.25 % DPPC, 4.75 % DOPC, 1 % LissRhod PE) and lo-phase
SUVs or GUVs (49.5 % DOPC, 49.5 % cholesterol, 1 % CF PE) at lipid concentrations
of ∼ 0.3 mM were mixed in a 1:1 ratio. Note that the lipid mix used for lo GUVs was
shown to exhibit a homogeneous lo phase [5, 6]. The ld composition [3, 2] was chosen in
order to obtain the initial phase-separated lipid mixture after fusion. A second type of
GUVs, which we refer to as ld GUVs [3, 2], was formed, such that we obtain the initial
phase-separated lipid mixture after fusion. After addition of isoosmolar CaCl2 at a fi-
nal concentration of 20 mM, the vesicle-containing solution was observed with a confocal
fluorescence microscope in a sealed observation chamber. After > 10 min the first phase-
separated GUVs containing both fluorescent dyes could be observed.

1.10 DNA-mediated vesicle fusion

In order to obtain DNA-mediated vesicle fusion we designed two complementary DNA
sequences, adapted from [7], that arrange in a zipper like manner upon duplex forma-
tion, thereby bringing the membranes of two distinct vesicles in close proximity. Lo-phase
SUVs (50 % DOPC, 50 % cholesterol) were incubated with 1 µM cholesterol-tagged DNA
(Biomers; DNA sequence: 5’ TGGACATCAGAAAGGCACGACGA-Chol 3’; HPLC pu-
rified, DNA #2) and 10 mM MgCl2 for 20 min to minimize the amount of unbound DNA.
On the other hand, ld-GUVs (20 % CL, 74.25 % DPPC, 4.75 % DOPC, 1 % LissRhod PE)
were incubated with 1 µM tocophorol-tagged DNA (from Biomers; DNA sequence: 5’-Toc
TCCGTCGTGCCTTATTTCTGATGTCCA 3’; HPLC purified, DNA #3), which inserts
into lo- and ld-lipid phases (see Figure S15). After incubation, lo-SUVs and ld-GUVs
were mixed and observed with a confocal fluorescence microscope. To prove the success-
ful regrowth of phase-separated GUVs, cholesterol-tagged 6-FAM DNA (Integrated DNA
Technologies, Inc.; DNA sequence: 5’ 6-Fam-CTATGTATTTTGCACAGTTT-Chol 3’;
HPLC purified, DNA #1) was added to visualize the lo-phase as described previously.
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2 Supporting Tables

2.1 Table S1: List of used lipids

Lipid Abbreviation Company

18:1 1,2-dioleoyl-sn-glycero-3-phosphocholine DOPC Avanti Polar Lipids, inc.
16:0 1,2-dipalmitoyl-sn-glycero-3-phosphocholine DPPC Avanti Polar Lipids, inc.
18:1 1,2-dioleoyl-3-trimethylammonium-propane DOTAP Avanti Polar Lipids, inc.

18:1 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) DOPG Avanti Polar Lipids, inc.
18:1 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine DOPE Avanti Polar Lipids, inc.

cholesterol (ovine) Chol Avanti Polar Lipids, inc.
18:0 N-stearoyl-D-erythro-sphingosylphosphorylcholine SM Avanti Polar Lipids, inc.

Cardiolipin (Heart, Bovine) CL Avanti Polar Lipids, inc.
L-α-phosphatidylcholine EggPC Avanti Polar Lipids, inc.
L-α-phosphatidylglycerol EggPG Avanti Polar Lipids, inc.

18:1 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(Cyanine

5)

Cy5 PE Avanti Polar Lipids, inc.

18:1 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B

sulfonyl)

LissRhod PE Avanti Polar Lipids, inc.

18:1 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(carboxyfluorescein)

CF PE Avanti Polar Lipids, inc.

16:1 1-palmitoyl-2-6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl-sn-glycero-3-phosphocholine

NBD PC Avanti Polar Lipids, inc.

18:1 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-
nitro-2-1,3-benzoxadiazol-4-yl)

NBD PE Avanti Polar Lipids, inc.

18:1 Atto488-labelled
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamin

Atto488-DOPE ATTO-TEC GmbH

Supporting Table S1
List of all lipids used in this study and their abbreviations.
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2.2 Phase separation of GUVs produced from different lipid
mixtures

2.2.1 Table S2: Influence of lipid type on phase separation

Mix
No.

Lipid mixture Phase
separation

1 27.1% DOPC, 24.8% chol, 37.1% DPPC, 10% CL
+ 1% LissRhod PE

yes

2 37.1% DOPC, 24.8% chol, 37.1% DPPC + 1%
LissRhod PE

yes

3 33 % DOPC + 33 % SM + 33 % chol + 1 % NBD
PC

yes

Supporting Table S2
Overview of the influence of lipid type on phase separation behaviour of GUVs. All GUVs
were prepared using a 300 mM sucrose solution and the electroformation method with the
protocol presented in Supporting Table S5. For all mixes we obtained phase-separated
GUVs with distinct hemispheres. For confocal fluorescence images of the GUVs see Figure
S2.
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2.2.2 Table S3: Influence of lipid charge on phase separation

Mix
No.

Lipid type
[mol % / lipid charge]

Additions Phase
separation

2 DOPC [37.1 %/no] - yes
1 DOPC [27.1 %/no]

CL [10 %/-]
- yes

4 DOTAP [27.1 %/+]
CL [10 %/-]

- yes

5 DOTAP [27.1 %/+]
CL [10 %/-]

unlabeled DOPE
instead of LissRhod

PE,
Chol-Atto390-DNA

10mM MgCl2

yes

6 DOPG [27.1 %/-]
CL [10 %/-]

- yes

Supporting Table S3
Overview of the influence of lipid-charge on phase separation of GUVs. All presented lipid
mixtures contain 24.8 % cholesterol, 37.1 % DPPC and 1 % LissRhod PE, supplemented
with other lipids as listed in the table. The presented charges apply for physiological
conditions. All GUVs were prepared using a 300 mM sucrose solution and the electro-
formation method with the protocol presented in Supporting Table S5. Electroformation
of Lipid Mix 6 did not yield GUVs and GUVs from this mix were, therefore, prepared
via gentle hydration for two hours at 65 °C [8]. Phase-separated GUVs with two distinct
hemispheres were obtained using neutral as well as positively or negatively charged lipids.
For confocal fluorescence images of the GUVs see Figure S2.
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2.2.3 Table S4: Influence of the fluorescently-labeled lipid on phase separa-
tion

Mix
No.

Fluorophore Additions Phase
separation

1 1 % LissRhod PE - yes
7 1 % LissRhod PE Chol-6-FAM-DNA +

10mM MgCl2

yes

8 1 % Cy5-PE - yes
9 0.5 % Atto488-DOPE +

0.5 % LissRhod PE
- yes

10 1 % NBD PE - no
11 0.5 % NBD PE +

0.5 % Cy5 PE
- yes

12 1 % DOPE (no fluorophore) Chol-6-FAM-DNA +
10mM MgCl2

no

13 0.5 % LissRhod PE +
1 % CF PE

- yes

Supporting Table S4
Overview of the influence of the fluorophore on phase separation of GUVs. All listed
lipid mixtures contained 27.1 % DOPC, 24.8 % cholesterol, 37.1 % DPPC, 10 % cardiolipin
and 1 % of the labeled lipid as specified in the table. In all cases, the fluorophore was
covalently linked to the lipid head group. All GUVs were prepared using a 300 mM sucrose
solution and the electroformation method with the protocol presented in Supporting Table
S5. It is important to note that the choice of fluorphore alone can influence the phase-
separation behaviour of the GUVs, see Mix 10 and 12 (no phase-separation). For confocal
fluorescence images of the GUVs see Figure S2.
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2.3 Table S5: Electroformation protocol for phase-separated
GUVs

Step Time [s] Ampl [V] Freq [Hz] Temp [◦C]

Initiate 300 1 10 70
Main 2100 1 10 70

Detach1 2160 1 3 70
Detach2 3000 1 3 70
Detach3 3060 1 1 70
Detach4 3420 1 1 70
Detach5 3480 1 0.5 70
Detach6 3840 1 0.5 70
Detach7 3960 1 0 70

Supporting Table S5
Electroformation protocol for the formation of phase-separated GUVs using the Vesicle
Prep Pro (Nanion Technologies GmbH). Custom-written multi-step program for formation
of phase-separated GUVs, adapted from a previously published protocol [4]. Note that it
is crucial to keep the temperature above the phase-transition temperature throughout the
electroformation. Parameters are changed linearly over time from one step to the next.

2.4 Table S6: Electroformation protocol for single-phased GUVs

Step Time [s] Ampl [V] Freq [Hz] Temp [◦C]

Initiate 180 3 5 37
Main 7380 3 5 37

Detach 7680 0 5 37

Supporting Table S6
Electroformation protocol for single-phase GUV formation using the Vesicle Prep Pro
(Nanion Technologies GmbH). The programme was preinstalled as the standard protocol
for GUV formation. Parameters are changed linearly over time from one step to the next.
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3 Supporting Figures

3.1 Figure S1: Area, volume and surface-to-volume ratio over
time

Supporting Figure S1
Relative area, volume and surface-to-volume ratio of phase-separated vesicles over time.
The data was extracted from the same time series as the plot in Figure 3f of the main
text. a, b, c triangles, circles and squares represent different vesicles with l = 0.5 in
the presence of invertase, solid grey line shows the expected curve as calculated from
osmolarity measurements. Dashed black line shows the critical volume ratio b or surface-
to-volume ratio c at which full division should occur. As assumed in our model, the
surface area remains constant over time, while the surface-to-volume ratio increases.
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3.2 Figure S2: Overview confocal image and lipid tubulation

Supporting Figure S2
Reproducibility of the division process. a Overlays of confocal (ld phase labeled with
LissRhod PE, λex = 561 nm) and bright field images of multiple vesicles undergoing divi-
sion due to a continuous increase of the outer osmolarity due to invertase activity. The
white arrow highlights a vesicle that restores it spherical shape after the formation of lipid
tubes – potentially due to interactions with the glass surface or too fast local osmolarity
change. Scale bars: 25 µm b Zoom image of a vesicle which shows tubulation. The GUV
deforms initially (left image). As the osmotic pressure increases over time, lipid tubu-
lation is observed and the spherical shape is restored (right image). This effect inhibits
successful division of the GUVs. This occurred mainly when the osmolarity was too high,
if it changed too quickly or if the GUV was in contact with surfaces. Scale bars: 10 µm.
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3.3 Figure S3: GUV division upon water evaporation

Supporting Figure S3
a Time series of confocal fluorescence images depicting the division process of a phase-
separated GUV upon water evaporation. The white arrow highlights the formation of lipid
tubes after the division is completed. b Control experiment with a phase-separated GUV
in a sealed observation chamber preventing water evaporation. c Control experiment with
a single-phase GUV in an unsealed observation chamber allowing for water evaporation.
LissRhod PE labeled the ld phase (orange, λex = 561 nm) and 6-FAM-labeled cholesterol-
tagged DNA partitioned in the lo phase (green, λex = 488 nm). Single-phase GUVs were
labeled with Atto488-DOPE (green, λex = 488 nm). Scale bars: 10 µm

.
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3.4 Figure S4: Phase separation of GUVs produced from dif-
ferent lipid mixtures

Supporting Figure S4
Representative overlays of confocal fluorescence and brightfield images of GUVs produced
from different lipid mixtures as indicated in Tables S2-S4. Cy5 PE was excited with
λex =633 nm; NBD PE, NBD PC, CF PE, Atto488-DOPE and Chol-6-FAM-DNA were
excited with λex =488 nm; LissRhod PE was excited with λex =561 nm; Chol-Atto390-
DNA was excited with λex =405 nm. Scale bars: 10 µm.
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3.5 Figure S5: Osmolarity mismatch after electroformation

Supporting Figure S5
Overlays of confocal fluorescence (ld phase labeled with LissRhod PE, λex =561 nm)
and bright field images of GUVs in buffers of different osmolality. (a) Directly after
electroformation, the GUVs exhibit a non-spherical shape even though the measured
osmolality of the vesicle-containing solution does not increase enough for such a significant
shape change (325 mOsm kg−1 before electroformation, 330 mOsm kg−1). (b) If the buffer
solution is diluted to 307 mOsm kg−1, the GUV returns to its spherical shape. This may
be due to the fact that the vesicles still grow after forming a sealed compartment, leading
to a reduced sucrose concentration inside the vesicle. We thus diluted the outer aqueous
phase until the GUVs were spherical to achieve our desired initial conditions. Scale bars:
10 µm.

17



3.6 Figure S6: Necessity of MgCl2 for attachment of cholesterol-
tagged DNA

Supporting Figure S6
Confocal fluorescence microscope image of a GUV (ld phase labeled with LissRhod PE
λex =561 nm, orange) in a solution of 300 mM sucrose, 10 mM HEPES and 1 µM 6-
FAM-labeled cholesterol-tagged DNA (λex =488 nm, green). Due to lack of MgCl2, the
cholesterol-tagged DNA does not attach to the GUV membrane and is homogeneously
distributed in the outer aqueous phase instead. For this reason, 10 mM MgCl2 was added
to the outer aqueous phase for Figures 1 and 3 (main text), resulting in the attachment
of the cholesterol-tagged DNA to the lo phase. Since MgCl2 inhibited the activity of
invertase (see Figure S5), it was not possible to label the lo phase in Figure 4 (main text).
Scale bar: 10 µm

.
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3.7 Figure S7: Reduction of invertase activity in the presence
of MgCl2

Supporting Figure S7
Effect of MgCl2 on invertase activity in the presence of GUVs. a Normalized osmolal-
ity measurements over time of a buffer containing 300 mM sucrose, 10 mM HEPES and
22.2 mg l−1 in the absence of GUVs and MgCl2 (green); with GUVs but without MgCl2
(blue) and with 10 mM MgCl2 and GUVs (red). Solid lines are limited growth fits. We
hypothesize that the reduction of invertase activity in the presence of MgCl2 and GUVs
could be caused by a charge-mediated adhesion of the invertase to the GUVs. b, c Con-
focal fluorescence microscopy images of GUVs in the presence of invertase and MgCl2.
The ld phase is labeled by LissRhod PE (orange, λex =561 nm) and the lo phase is visu-
alized by Chol-6-FAM-DNA (green, λex =488 nm). The time after mixing with invertase
is indicated. Under these conditions, almost all GUVs did not divide and returned to a
spherical shape instead. These observations again point towards an interaction between
the invertase and the surface of the GUVs, leading to the reduction of invertase activity.
We hence performed the invertase experiments in the absence of MgCl2.
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3.8 Figure S8: Gentle shaking overcomes MgCl2-mediated elec-
trostatic interaction between divided GUVs

Supporting Figure S8
Confocal fluorescence microscope image of a GUV consisting only of the lo phase (green,
6-FAM labeled cholesterol-tagged DNA partitioned into the lo phase, λex =488 nm) after
mixing with a higher concentrated sucrose solution leading to an osmolarity ratio of
C/C0 = 1.44. At this ratio theoretically all GUVs should be fully divided, yet often adhere
to one another if Mg2+ is present in the buffer (see Figure 1, main text). Observation of
the mixture after gentle shaking, however, yields a high amount of both types of single-
phased GUVs. A possible explanation is that Mg2+-mediated electrostatic interactions
between divided GUVs could be overcome mechanically due to the mixing process. Scale
bar: 10 µm.
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3.9 Figure S9: Microfluidic trapping approach

Supporting Figure S9
(Continued on the following page.)
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Supporting Figure S9
Microfluidic approach for trapping and observation of GUV division. a Sketch of the
microfluidic trapping device used for trapping of phase-separated GUVs. First, a solution
containing GUVs was flushed into the device via Inlet 1. Subsequently, a low osmolality
solution (280 mOsm kg−1, same osmolality as within the GUVs) was flushed into the device
at a constant flow rate of 1 µl/min via Inlet 2. In order to gradually increase the effective
osmolality around the GUVs, a second high osmolality solution (600 mOsm kg−1) was
flushed in via Inlet 2, starting at a flow rate of 0 µl/min which was gradually increased
to 2 µl/min over 40 min. b Time series of overlays of confocal fluorescence (ld phase
labeled with LissRhod PE and lo phase labeled with 6-FAM-labeled cholesterol-tagged
DNA, λex =561 nm and λex =488 nm, respectively) and bright field images of a phase-
separated GUV in a trapping device. The interaction of the GUVs with the coverslide
and the PDMS microstructures can lead to effects that inhibit the division process. The
deformation process can be altered through contact of the GUV with solid interfaces and
lead to lipid tubulation rather than splitting as visible in the confocal fluorescence images.
Scale bars: 30 µm.
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3.10 Figure S10: Characterisation of CMNB-caged fluorescein
via absorbance and osmolarity measurements

Supporting Figure S10
Characterisation of CMNB-caged fluorescein via absorbance and osmolarity measure-
ments. a Absorbance measurements of CMNB-caged fluorescein before and after illumi-
nation with a UV-lamp. 2 mM CMNB-caged fluorescein was dissolved in 100 mM Tris and
its absorbance was measured from 300-700 nm with a plate reader before (dark green) and
after 1 min of UV illumination (light green). The appearance of an absorbance maximum
at ≈488 nm after UV-illumination proves successful uncaging of fluorescein. b Osmolar-
ity measurements of CMNB-caged fluorescein (final concentration: 2 mM, diluted in MQ)
dependent on the UV-illumination time. The maximal theoretical osmolarity of 14 mM –
indicating an uncaging efficiency of 100 % (every caged fluorescein splits into 3 parts, see
Note S1) – is reached after 3 min. Note that these measurements were performed with a
UV-lamp. They cannot directly be correlated with the uncaging dynamics that we obtain
with confocal fluorescence microscopy, where we used a 405 nm laser diode for uncaging
(see Figure 5, main text and Figure S10).
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3.11 Figure S11: Light-triggered division of phase-separated
GUVs via uncaging of CMNB-caged fluorescein

Supporting Figure S11
(Continued on the following page.)
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Supporting Figure S11
Light-triggered division of phase-separated GUVs achieved by a local osmolarity increase
due to release of CMNB-caged fluorescein. Division parameter as a function of time
and corresponding representative confocal fluorescence images of dividing phase-separated
GUVs (labelled with LissRhod PE, λex = 561 nm). All exemplary traces (a-c) show that
phase-separated GUVs divide within seconds after uncaging of CMNB-caged fluorescein
with a 405 nm laser diode. The background fluorescence is caused by bleed-through from
the 405 nm excitation. Note that for b the shape transformations during the time frames
from 5-15 could not be evaluated. The timescales of the light-triggered division process
vary from 10 s to 40 s until complete division occurs. This can be explained by two main
factors: (i) the differences in the lipid ratio l and (ii) by different uncaging efficiencies
depending on the z-position of the GUVs. GUVs with a lipid ratio l < 0.5 undergo
division at a lower osmolarity ratio and thus at earlier time points during uncaging of
CMNB-fluorescein. In addition to this, the absorption and uncaging efficiency depends
on the axial position of the GUV within the observation chamber. The further away the
GUV is from the bottom cover-slide, the more photons are absorbed by the underlying
solution. On top of that, slightly different amounts of BSA on the bottom cover-slide
can lead to a less efficient uncaging of CMNB-fluorescein due to absorption of light and
therefore a longer timescale until division occurs. We need BSA in order to prevent fusion
of the GUVs with the cover slide and imperfections in the coating process cannot be
excluded. Scale bars: 10 µm.
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3.12 Figure S12: Illumination of CMNB-fluorescein with a 405 nm
laser diode leads to uncaging of fluorescein

Supporting Figure S12
Illumination of CMNB-caged fluorescein with a 405 nm laser diode leads to uncaging of
fluorescein. Confocal fluorescence images of single-phase GUVs (orange, λex =561 nm)
immersed in CMNB-caged fluorescein (λex =488 nm) before (a) and after (b) illumination
with a 405 nm diode laser. GUVs (99 % DOPC, 1 % 18:1 Liss Rhod PE) were mixed
with an iso-osmolar solution of CMNB-caged fluorescein (final concentration 2 mM) and
illuminated with 405 nm for 1 s. This results in uncaging of fluorescein and hence green
fluorescence surrounding the GUV. This also indicates the impermeabilty of the caged as
well as the uncaged compound across the lipid bilayer. Scale bars: 50 µm.
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3.13 Figure S13: 405 nm illumination in absence of CMNB-caged
fluorescein does not lead to division of phase-separated
GUVs

Supporting Figure S13
405 nm illumination in absence of CMNB-caged fluorescein does not lead to division of
phase-separated GUVs. Representative confocal fluorescence images of a phase-separated
GUV (Table S2, Mix 1, λex =561 nm) during illumination with a 405 nm laser diode.
The GUV maintains its spherical shape throughout the recorded time frame of 100 s.
This proves the need of CMNB-caged fluorescein to locally increase the osmolarity upon
405 nm illumination and hence trigger vesicle division. Scale bar: 10 µm.
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3.14 Figure S14: Phase separation can be restored through
Ca2+-mediated fusion of single-phased GUVs

Supporting Figure S14
Ca2+-mediated fusion of a single-phased lo GUV and a single-phased ld GUV. a Schematic
illustration of formation of phase-separated GUVs via Ca2+-mediated fusion of single-
phased GUVs of opposite phases. b Confocal fluorescence microscopy images of a single-
phased ld (20 % CL, 74.25 % DPPC and 4.75 % DOPC, 1 % Liss Rhod PE λex =561 nm,
left) and a single-phased lo (49.5 % chol, 49.5 % DOPC, 1 % CF PE, λex =488 nm, middle)
GUV in 300 mM sucrose. The image on the right hand side shows a phase-separated GUV
after mixing the lo GUVs with the ld GUVs in the presence of 20 mM CaCl2. The presence
of both fluorescent dyes in the same vesicle and the phase separation can only be explained
by fusion of a lo GUV with a ld GUV. A fusion event leads to an overall lipid mixture
that exhibits phase separation and contains both fluorescent dyes. Note that the lipid
mixture after fusion represents the mixture used for the division experiments in the main.
Scale bar: 10 µm.
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3.15 Figure S15: Phase separation can be restored through
Ca2+-mediated fusion of SUVs to single-phased GUVs

Supporting Figure S15
Phase separation can be restored through Ca2+-mediated fusion of SUVs to single-phased
GUVs. a Schematic illustration of a sustainable vesicle growth and division cycle medi-
ated by calcium ions. b, c Representative confocal fluorescence images of fluorescently-
labeled ld-phase GUVs (orange, λex =561 nm) in a feeding bath of lo-phase SUVs (green,
λex =488 nm) prior (b) and after (c) addition of 20 mM CaCl2. SUV fusion restores the
phase separation of the GUV.
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3.16 Figure S16: Tocopherol-tagged DNA is homogeneously
distributed in the lo- and ld-phases of phase-separated
GUVs

Supporting Figure S16
Tocopherol-tagged DNA is homogeneously distributed in the lo- and ld-phases of phase-
separated GUVs. Confocal fluorescence images of GUVs (Lipid Mix 1) upon addition
of fluorescently-labeled DNA (λex =405 nm) with (a) a tocopherol and (b) a cholesterol
modification (left images). The ld phase is labelled with 18:1 Liss Rhod PE (λex =561 nm,
middle images). Composite images are shown on the right. Whereas cholesterol-tagged
DNA is preferentially localized in the lo-phase of phase-separated GUVs, tocopherol-
tagged DNA is homogeneously distributed within both lo- and ld-phases. For the DNA
fusion experiments (Figure 6, main text) we can thus use cholesterol-tagged DNA to selec-
tively label the lo-phase and a complementary tocopherol-tagged DNA for the ld phase.
Here, 1 µM fluorescently-labeled (Atto390) DNA, 10 mM MgCl2 and 1x PBS matching
the osmolarity of the sucrose solution used for electroformation were added to a solution
of phase-separated vesicles. Scale bar: 10 µm.
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3.17 Figure S17: DLS of lo SUVs

Supporting Figure S17
Intensity distribution of the diameters of lo SUVs used for the regrowth of phase-separated
GUVs, determined by dynamic light scattering (DLS). 3 mM SUVs (49.5 % DOPC, 49.5 %
cholesterol, 1 % CF PE) were produced using the extrusion method with a 100 nm mem-
brane filter in a 300 mM sucrose solution. The measurements were performed using a
solution of 1 mL of 100 µM SUVs. The average and standard deviation values were deter-
mined from 10 individual runs. The distribution was fitted with a log-normal Gaussian
distribution (red line), revealing a mean diameter of 115.1 ± 1.4 nm. This slightly larger
measured hydrodynamic diameter is typical for SUVs extruded with a 100 nm membrane.

31



3.18 Figure S18: DNA-mediated vesicle fusion leads to growth
of lo-phase of initially single-phased GUVs

Supporting Figure S18
DNA-mediated vesicle fusion leads to growth of lo-phase of initially single-phased ld
GUVs. Confocal fluorescence time series of the equatorial plane (a) as well as color-coded
z-projection (b) of a growing fluorescently-labeled GUV (18:1 Liss Rhod PE, λex =561 nm)
in presence of SUVs. Lo-phase SUVs (50 % cholesterol, 5 0% DOPC) and ld-GUVs (20 %
CL, 74.25 % DPPC, 4.75 % DOPC, 1 % Liss Rhod PE) were incubated with comple-
mentary cholesterol-tagged and tocopherol-tagged DNA, respectively. After incubation,
lo-SUVs and ld-GUVs were mixed in presence of 10 mM MgCl2 and imaged over time.
Duplex formation brings SUVs and GUVs in close proximity, eventually leading to vesicle
fusion. This can be seen in form of the growing lo-phase of the GUV. Scale bar: 20 µm.
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3.19 Figure S19: DNA-functionalized lo SUVs do not fuse to
plain ld GUV

Supporting Figure S19
DNA-functionalized lo SUVs do not fuse to bare ld GUV. Confocal fluorescence images of
a fluorescently-labeled single-phase GUV (18:1 Liss Rhod PE, λex =561 nm) in presence
of SUVs incubated with cholesterol-tagged fusion DNA as well as cholesterol-tagged 6-
FAM DNA (for labelling purposes, λex =488 nm, see Methods). Lo-phase SUVs (50 %
cholesterol, 50 % DOPC) were incubated with 1 µM DNA #1 and #2 in presence of 5 mM
MgCl2 for 20 minutes and afterwards mixed with ld-GUVs (20 % CL, 74.25 % DPPC and
4.75 % DOPC, 1 % Liss Rhod PE). Note that the tocopherol-tagged fusion DNA #3 was
omitted. In this control experiment, no vesicle fusion leading to the formation of phase-
separated GUVs could be detected. However, the presence of magnesium ions leads to
the attachment of SUVs to the GUVs as visible in the representative confocal fluorescence
image. It is conceivable that the single-stranded DNA acts as a spacer which prevents
fusion. Scale bar: 10 µm.
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4 Supporting Notes

4.1 Note S1: Derivation of theoretical prediction

If we look at the initially spherical vesicle with an initial raidus of r0 and a lipid ratio l
the initial volume and areas are given by

V0 =
4

3
· π · r30 (1)

Atot = 4 · π · r20 (2)

Ald = l · Atot (3)

Alo = (1− l) · Atot. (4)

The lipid phases can be represented as sphere segments with radius r0 and a height of

hld = Ald/(2 · π · r0) = 2 · l · r0 (5)

hlo = Alo/(2 · π · r0) = 2 · (1− l) · r0 (6)

and a base area of

s0 =

√
Ald

π
− h2ld = 2 · r0 ·

√
l − l2. (7)

If the outer osmolarity is increased from C0 to C the vesicle will deflate and its volume
reduce to

V = V0 ·
C0

C
. (8)

We assume that the vesicle will deform in a way that the line tension, i.e. the circumference
of the base of the spherical caps, gets minimized. This leads again to two spherical caps
for each phase with the same reduced radius of the base of the spherical cap s. We can
now define a division parameter d that quantifies the progress of the division process as

d = 1− s/s0. (9)

The volume of each cap is then given by

Vi =
π

3

(
ri ±

√
r2i − s2

)(
s2 + ri

(
ri ±

√
r2i − s2

))
(10)

with i = ld, lo and ri the respective radius of the sphere segments. The area of the new
sphere segments stay the same as before and are given by

Ai = 2 · π · ri ·
(
ri ±

√
r2i − s2

)
(11)
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Inserting Eq. (11) into Eq. (10) leads to

Vi =
π

3

Ai

2πri

(
s2 +

Ai

2π

)
(12)

The radii ri of the spherical caps are given by

ri =
Ai

2πhi,2
(13)

with

hi,2 =

√
Ai

π
− s2 (14)

the respective new height of the sphere segments. Inserting Eqs. (7), (9), (13) and (14)
into Eq. (12) leads to

Vi =
π

3

√
Ai

π
− 4r20(l − l2)(1− d)2

(
4r20(l − l2)(1− d)2 +

Ai

2π

)
(15)

By replacing Ai with Eq. (3) and Eq. (4) respectively and using Eq. (1) we obtain

Vld = V0
√
l − (1− d)2 · (l − l2) ·

(
2 · (1− d)2(l − l2) + l

)
≡ V0 · T1 (16)

Vlo = V0
√

((1− l)− (1− d)2 · (l − l2) ·
(
2 · (1− d)2(l − l2) + (1− l)

)
≡ V0 · T2. (17)

Using Eq. (8) leads to the the direct dependence of the osmolarity ratio C/C0 and the
division parameter d

C

C0

=
V0
V

=
V0

Vld + Vlo
=

1

T1 + T2
. (18)

For symmetric vesicles with l = 0.5 Eq. (18) becomes

C/C0 =
2√

2− (1− d)2((1− d)2 + 1)
. (19)

4.2 Note S2: Considerations for osmolarity matching with CMNB-
caged fluorescein

CMNB-caged fluorescein was dissolved in 100 mM Tris buffer to a final concentration of
50 mM. Since CMNB-caged fluorescein is twice negatively charged, the solution fur-
thermore contains 100 mM potassium ions. This yields a total numerical osmolarity
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of 250 mOsm. For the osmolarity measurements (Supporting Figure S9b), the caged
fluorescein-containg solution was diluted in MQ to a final concentration of 2 mM CMNB-
caged fluorescein leading to an overall osmolarity of 10 mOsm (Πcaged,theo). Thus, an
uncaging efficieny of 100 % leads to a rise of the osmolarity from 10 mOsm to 14 mOsm
(Πuncaged,theo) since each uncaged fluorescein molecule is accompanied by two CMNB
molecules.
For the light-mediated division experiments, GUVs were electroformed in a solution of
13 mM sucrose and mixed with an isoosmolar solution of CMNB-caged fluorescein in a ra-
tio of 1:2. Therefore, the final CMNB-caged fluorescein concentration is 1.73 mM, which,
in a closed system, would yield a maximum osmolarity ratio of 1.27 assuming an uncaging
efficiency of 100 % (as obtained in the osmolarity measurements in Figure S9a). However,
local concentration inhomogenities, pipetting errors and different diffusion speeds of the
uncaged molecules can lead to even higher local osmolarity changes. Since the lipid ratio
for the vesicle presented in Figure 5 is l = 0.63, it should divide at an osmolarity ratio of
1.37 according to our model. This is hence in good agreement with the expected change
in osmolarity due to the uncaging of CMNB-fluorescein.

4.3 Note S3: Osmolarity vs. osmolality

It is important to note that the measurements produced by the Osmomat 030 (Genotec
GmbH) indicate the osmolality b of the sample solution. However, according to van’t
Hoffs law the osmotic pressure depends on the total particle concentration in the solution
(osmolarity) C: Π = CRT , where C is the osmolarity of the solution, R the ideal gas
constant and T the temperature. The osmolarity depends linearly on the osmolality
C = (ρS − ca) · b where ρS is the density of the solution and ca is the anhydrous solute
concentration. The prefactor (ρS − ca) is dependent on the solute. It can be neglected in
most cases since (ρS − ca) ≈ 1 kg l−1 [9]. However, for high concentrations of sugars as
have been used here, the prefactor can deviate from 1 kg l−1. Since we look at the osmotic
pressure ratio C/C0, the effect cancels out nevertheless. It can only play a role when using
different solutions for the inner and outer phase like in Figure 3 (main text). However,
even then, the deviation of the osmotic pressure ratio is negligible: For the solutions
that were used here, (ρS − ca) did not deviate more than 15% from 1 kg l−1. Hence, the
deviation of the osmotic pressure ratio C/C0 is below 1%. Furthermore, Moser and Frazer
suggested the that the osmotic pressure is better described by Π = n

V ′RT = ρwbRT , for
higher concentrations of glucose or sugar with V ′ the volume of pure water in the solution,
ρw is the density of pure water and b is the osmolality of the solution [10]. Therefore, we
used the osmolality instead of the osmolarity for the calculations.
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5 Supporting Videos

5.1 Video S1: Conceptual model and confocal fluorescence time
lapse of GUV division

Video S1 shows the theoretical prediction as well as experimental observations of the
division process. It first visualizes the deformation and division process for increasing
osmolarity ratios based on the predictions of the theoretical model. It then shows two
independent time series of confocal fluorescence images of the division process of a phase-
separated GUV (27.125 % DOPC, 24,75 % cholesterol, 37.125 % DPPC, 10 % CL, 1 %
LissRhod PE) in an unsealed observation chamber which allows for water evaporation.
The ld phase is labeled with LissRhod PE (λex =561 nm) and 6-FAM-labeled cholesterol-
tagged DNA (λex =488 nm) partitioned into the lo phase. The time series were taken
by manually tracking free-floating GUVs using the x-y-z piezo stage of the confocal mi-
croscope. The videos were generated by tracking the position of the GUV within the
confocal image using the TrackMate plugin (ImageJ). Images were then truncated ac-
cordingly and the brightness- and contrast-adjusted fluorescence channels were overlayed.
Note that within the confocal time series, other free-floating GUVs appear in the field of
view, which show similar deformation stages as the GUV that was tracked.

5.2 Video S2: Division of phase-separated GUV triggered by
enzymatic decomposition

Video S2 shows an overlay of confocal fluorescence and brightfield time series depicting the
division process of a phase-separated GUV, whereby the osmolarity increase is achieved by
the enzymatic decomposition of sucrose. Note that the phase-separated GUV is composed
of a distinctly different lipid mixture (33 % SM, 33 % cholesterol and 33 % DOPC labeled
with 1 % NBD PC λex =488 nm, see Table S4, Mix No. 3). The fact that we still observe
full division including neck fission indicates that our division mechanism is robust with
respect to lipid type. GUVs were prepared via the electroformation method in 300 mM su-
crose. After mixing with invertase, resulting in a final concentration of 44 mg l−1 invertase
the GUVs were observed in a sealed observation chamber under a confocal fluorescence
microscope. NBD PC labeled the ld phase. The video was generated by tracking the posi-
tion of the GUV within the confocal image using the TrackMate plugin (ImageJ). Images
were then truncated accordingly and the brightness- and contrast-adjusted fluorescent
and brightfield channel were overlayed. Scale bar: 10 µm.
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5.3 Video S3: Light-triggered division of phase-separated GUVs
by uncaging of CMNB-fluorescein

Video S3 shows a confocal fluorescence time series of a phase-separated GUV (Supporting
Table S4, Mix 1) before and during illumination with a 405 nm laser diode. The time
series before 405 nm illumination depicts brightfield and fluorescence composite images
of a phase-separated GUV (λex =561 nm) for two minutes. The GUV does not show
any deformation of its spherical shape. During 405 nm illumination, the GUV deforms at
the phase-boundary leading to vesicle division within seven seconds due to uncaging of
CMNB-fluorescein and hence a local osmolarity increase (see also Figure 5e in the main
text for the calculation of the division parameter). After division, another composite
confocal fluorescence image shows the divided vesicles post 405 nm illumination. Light-
triggered release of caged fluorescein offers full spatiotemporal control of the division
process of the selected vesicle.

5.4 Supporting Video S4: Calcium-mediated fusion of single-
phase GUVs to restore phase-separation

Composite confocal fluorescence time series of single-phase GUVs (labeled with either
Atto488-DOPE λex=488 nm or Liss Rhod-PE λex=561 nm) in an observation chamber to
which 10 mM CaCl2 were added. Calcium-ions lead to an attachment and clustering of
GUVs eventually resulting in vesicle fusion within minutes. This shows the possibility to
regrow phase-separated GUVs.
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E, Cavalcanti-Adam E.A., Göpfrich K; ‘Acto-myosin-assisted pulling of lipid
nanotubes from lipid vesicles and cells’, Nano Lett. (2022), https://doi.
org/10.1021/acs.nanolett.1c04254

15. Jahnke K, Huth V, Mersdorf U, Liu N, Göpfrich K; ‘Bottom-up assembly of
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14. Zhan P∗, Jahnke K∗†, Liu N†, Göpfrich K†; ‘DNA-based functional cytoskele-
tons for synthetic cells’, accepted in Nat. Chem.

13. Staufer O, De Lora J, Bailoni E, Bazrafshan A, Benk A.S., Jahnke K, Manzer
Z.A., Otrin L, Perez T.D., Sharon J, Steinkühler J, Adamala K.P., Jacobson
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/"-<F,"%&%=&>.)*/%&,)*/@%$F("%&$%&%(-):#/%(&-:%(<.=&*>B

SBSB 8*?)$$%</")-1#$)%=-<3#:):%#*%/")%K-:)-%;<*E-.&/#<*@%&*>%,-&*/%<C%-#,"/$%/<%8$)-%6#9%#$%7<*)P/#.)7%6#*(?F:#*,
/")%):#/#<*$%&*:%=-<:F(/%C&.#?>%$=)(#E):%#*%/")%?#()*$)9@%6##9%#$%*<*P)l(?F$#3)%&*:%*<*P/-&*$C)-&0?)%&*:%6###9
#$%$F0k)(/%/<%&*>%&*:%&??%?#.#/&/#<*$%&*:%-)$/-#(/#<*$%6$F("%&$@%0F/%*</%?#.#/):%/<@%?#.#/&/#<*$%<*%:F-&/#<*%<C
F$)%<-%(#-(F?&/#<*9%#*(?F:):%#*%/")%K-:)-%;<*E-.&/#<*%<-%#*3<#()%&*:V<-%#*%/")$)%/)-.$%&*:%(<*:#/#<*$B
8=<*%(<.=?)/#<*%<C%/")%?#()*$):%F$)@%8$)-%$"&??%)#/")-%$)(F-)%&%*)1%=)-.#$$#<*%C<-%CF-/")-%F$)%<C%/")
M<-56$9%<-%#..):#&/)?>%()&$)%&*>%*)1%F$)%<C%/")%M<-56$9%&*:%$"&??%-)*:)-%#*&(()$$#0?)%6$F("%&$%0>
:)?)/#*,%<-%0>%-).<3#*,%<-%$)3)-#*,%?#*5$%<-%</")-%?<(&/<-$9%&*>%CF-/")-%(<=#)$%<C%/")%M<-5%6)l()=/%C<-
(<=#)$%=-#*/):%<*%=&=)-%#*%&((<-:&*()%1#/"%/"#$%?#()*$)%&*:%$/#??%#*%8$)-g$%$/<(5%&/%/")%)*:%<C%$F("%=)-#<:9B

SB]B A*%/")%)3)*/%/"&/%/")%.&/)-#&?%C<-%1"#("%&%-)=F0?#(&/#<*%?#()*$)%#$%$<F,"/%#*(?F:)$%/"#-:%=&-/>%.&/)-#&?$
6$F("%&$%="</<,-&="$@%#??F$/-&/#<*$@%,-&="$@%#*$)-/$%&*:%$#.#?&-%.&/)-#&?$9%1"#("%&-)%#:)*/#E):%#*%$F("
.&/)-#&?%&$%"&3#*,%0))*%F$):%0>%=)-.#$$#<*@%8$)-%#$%-)$=<*$#0?)%C<-%#:)*/#C>#*,@%&*:%$))5#*,%$)=&-&/)
?#()*$)$%6F*:)-%/"#$%I)-3#()%<-%</")-1#$)9%C<-@%&*>%<C%$F("%/"#-:%=&-/>%.&/)-#&?$i%1#/"<F/%&%$)=&-&/)%?#()*$)@
$F("%/"#-:%=&-/>%.&/)-#&?$%.&>%*</%0)%F$):B

SBUB 8$)%<C%=-<=)-%(<=>-#,"/%*</#()%C<-%&%M<-5%#$%-)eF#-):%&$%&%(<*:#/#<*%<C%&*>%?#()*$)%,-&*/):%F*:)-%/")
I)-3#()B%8*?)$$%</")-1#$)%=-<3#:):%#*%/")%K-:)-%;<*E-.&/#<*@%&%=-<=)-%(<=>-#,"/%*</#()%1#??%-)&:
$F0$/&*/#&??>%&$%C<??<1$h%7D)=F0?#$"):%1#/"%=)-.#$$#<*%<C%nD#,"/$"<?:)-g$%*&.)o@%C-<.%nM<-5g$%/#/?)@%&F/"<-@
3<?F.)@%):#/#<*%*F.0)-%&*:%>)&-%<C%(<=>-#,"/oi%=)-.#$$#<*%(<*3)>):%/"-<F,"%;<=>-#,"/%;?)&-&*()%;)*/)-@
A*(B%7%IF("%*</#()%.F$/%0)%=-<3#:):%#*%&%-)&$<*&0?>%?),#0?)%C<*/%$#j)%&*:%.F$/%0)%=?&():%)#/")-
#..):#&/)?>%&:k&()*/%/<%/")%M<-5%&$%F$):%6C<-%)l&.=?)@%&$%=&-/%<C%&%0>P?#*)%<-%C<</*</)%0F/%*</%&$%&
$)=&-&/)%)?)(/-<*#(%?#*59%<-%#*%/")%=?&()%1")-)%$F0$/&*/#&??>%&??%</")-%(-):#/$%<-%*</#()$%C<-%/")%*)1%1<-5
(<*/&#*#*,%/")%-)=F0?#$"):%M<-5%&-)%?<(&/):B%d&#?F-)%/<%#*(?F:)%/")%-)eF#-):%*</#()%-)$F?/$%#*%?<$$%/<%/")
D#,"/$"<?:)-%&*:%;;;@%&*:%/")%8$)-%$"&??%0)%?#&0?)%/<%=&>%?#eF#:&/):%:&.&,)$%C<-%)&("%$F("%C&#?F-)%)eF&?%/<
/1#()%/")%F$)%C))%$=)(#E):%#*%/")%K-:)-%;<*E-.&/#<*@%#*%&::#/#<*%/<%/")%F$)%C))%#/$)?C%&*:%&*>%</")-%C))$
&*:%("&-,)$%$=)(#E):B

SB`B 8$)-%.&>%<*?>%.&5)%&?/)-&/#<*$%/<%/")%M<-5%#C%&*:%&$%)l=-)$$?>%$)/%C<-/"%#*%/")%K-:)-%;<*E-.&/#<*B%H<
M<-5%.&>%0)%F$):%#*%&*>%1&>%/"&/%#$%:)C&.&/<->@%3#<?&/)$%/")%-#,"/$%<C%/"#-:%=&-/#)$%6#*(?F:#*,%$F("%/"#-:
=&-/#)$g%-#,"/$%<C%(<=>-#,"/@%=-#3&(>@%=F0?#(#/>@%<-%</")-%/&*,#0?)%<-%#*/&*,#0?)%=-<=)-/>9@%<-%#$%</")-1#$)
#??),&?@%$)lF&??>%)l=?#(#/%<-%<0$()*)B%A*%&::#/#<*@%8$)-%.&>%*</%(<*k<#*%&%M<-5%1#/"%&*>%</")-%.&/)-#&?%/"&/
.&>%-)$F?/%#*%:&.&,)%/<%/")%-)=F/&/#<*%<C%/")%D#,"/$"<?:)-B%8$)-%&,-))$%/<%#*C<-.%;;;%#C%#/%0)(<.)$%&1&-)
<C%&*>%#*C-#*,).)*/%<C%&*>%-#,"/$%#*%&%M<-5%&*:%/<%(<<=)-&/)%1#/"%&*>%-)&$<*&0?)%-)eF)$/%<C%;;;%<-%/")
D#,"/$"<?:)-%#*%(<**)(/#<*%/")-)1#/"B

]B A*:).*#/>B%8$)-%")-)0>%#*:).*#E)$%&*:%&,-))$%/<%:)C)*:%/")%D#,"/$"<?:)-%&*:%;;;@%&*:%/")#-%-)$=)(/#3)
).=?<>))$%&*:%:#-)(/<-$@%&,&#*$/%&??%(?&#.$@%?#&0#?#/>@%:&.&,)$@%(<$/$%&*:%)l=)*$)$@%#*(?F:#*,%?),&?%C))$%&*:
)l=)*$)$@%&-#$#*,%<F/%<C%&*>%F$)%<C%&%M<-5%0)><*:%/")%$(<=)%<C%/")%-#,"/$%,-&*/):%")-)#*@%<-%&*>%F$)%<C%&%M<-5
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1"#("%"&$%0))*%&?/)-):%#*%&*>%F*&F/"<-#j):%1&>%0>%8$)-@%#*(?F:#*,%(?&#.$%<C%:)C&.&/#<*%<-%#*C-#*,).)*/%<C%-#,"/$
<C%(<=>-#,"/@%=F0?#(#/>@%=-#3&(>%<-%</")-%/&*,#0?)%<-%#*/&*,#0?)%=-<=)-/>B

UB '#.#/&/#<*%<C%'#&0#?#/>B%8HJGD%HK%;AD;8YI!+H;GI%MA''%;;;%KD%!XG%DAWX!IXK'JGD%_G%'A+_'G%dKD%+Hc%JADG;!@
AHJADG;!@%;KHIGL8GH!A+'%KD%AH;AJGH!+'%J+Y+WGI%6AH;'8JAHW%MA!XK8!%'AYA!+!AKH%J+Y+WGI%dKD%'KII%Kd
_8IAHGII%aDKdA!I%KD%AHdKDY+!AKH@%KD%dKD%_8IAHGII%AH!GDD8a!AKH9%+DAIAHW%K8!%Kd%!XG%8IG%KD%AH+_A'A!c
!K%8IG%+%MKD2@%G[GH%Ad%KHG%Kd%!XGY%X+I%_GGH%+J[AIGJ%Kd%!XG%aKIIA_A'A!c%Kd%I8;X%J+Y+WGIB%A*%&*>%)3)*/@
/")%/</&?%?#&0#?#/>%<C%/")%D#,"/$"<?:)-%&*:%;;;%6#*(?F:#*,%/")#-%-)$=)(/#3)%).=?<>))$%&*:%:#-)(/<-$9%$"&??%*</%)l()):
/")%/</&?%&.<F*/%&(/F&??>%=&#:%0>%8$)-%C<-%/"#$%?#()*$)B%8$)-%&$$F.)$%CF??%?#&0#?#/>%C<-%/")%&(/#<*$%&*:%<.#$$#<*$%<C%#/$
=-#*(#=&?$@%).=?<>))$@%&,)*/$@%&p?#&/)$@%$F(()$$<-$%&*:%&$$#,*$B

`B '#.#/):%M&--&*/#)$B%!XG%MKD26I9%+HJ%DAWX!6I9%+DG%aDK[AJGJ%7+I%AI7B%;;;%X+I%!XG%DAWX!%!K%WD+H!%!K%8IGD
!XG%DAWX!I%WD+H!GJ%AH%!XG%KDJGD%;KHdADY+!AKH%JK;8YGH!B%;;;%+HJ%!XG%DAWX!IXK'JGD%JAI;'+AY%+''
K!XGD%M+DD+H!AGI%DG'+!AHW%!K%!XG%MKD26I9%+HJ%DAWX!6I9@%GA!XGD%GqaDGII%KD%AYa'AGJ@%AH;'8JAHW
MA!XK8!%'AYA!+!AKH%AYa'AGJ%M+DD+H!AGI%Kd%YGD;X+H!+_A'A!c%KD%dA!HGII%dKD%+%a+D!A;8'+D%a8DaKIGB
+JJA!AKH+'%DAWX!I%Y+c%_G%DGL8ADGJ%!K%8IG%A''8I!D+!AKHI@%WD+aXI@%aXK!KWD+aXI@%+_I!D+;!I@%AHIGD!I
KD%K!XGD%aKD!AKHI%Kd%!XG%MKD2%6+I%KaaKIGJ%!K%!XG%GH!ADG%MKD29%AH%+%Y+HHGD%;KH!GYa'+!GJ%_c%8IGDi
8IGD%8HJGDI!+HJI%+HJ%+WDGGI%!X+!%HGA!XGD%;;;%HKD%!XG%DAWX!IXK'JGD%Y+c%X+[G%I8;X%+JJA!AKH+'
DAWX!I%!K%WD+H!B

TB GZ)(/%<C%_-)&("B%+*>%C&#?F-)%0>%8$)-%/<%=&>%&*>%&.<F*/%1")*%:F)@%<-%&*>%F$)%0>%8$)-%<C%&%M<-5%0)><*:%/")%$(<=)
<C%/")%?#()*$)%$)/%C<-/"%#*%/")%K-:)-%;<*E-.&/#<*%&*:V<-%/")$)%/)-.$%&*:%(<*:#/#<*$@%$"&??%0)%&%.&/)-#&?%0-)&("%<C
/")%?#()*$)%(-)&/):%0>%/")%K-:)-%;<*E-.&/#<*%&*:%/")$)%/)-.$%&*:%(<*:#/#<*$B%+*>%0-)&("%*</%(F-):%1#/"#*%SQ
:&>$%<C%1-#//)*%*</#()%/")-)<C%$"&??%-)$F?/%#*%#..):#&/)%/)-.#*&/#<*%<C%$F("%?#()*$)%1#/"<F/%CF-/")-%*</#()B%+*>
F*&F/"<-#j):%60F/%?#()*$&0?)9%F$)%<C%&%M<-5%/"&/%#$%/)-.#*&/):%#..):#&/)?>%F=<*%*</#()%/")-)<C%.&>%0)%?#eF#:&/):
0>%=&>.)*/%<C%/")%D#,"/$"<?:)-g$%<-:#*&->%?#()*$)%=-#()%/")-)C<-i%&*>%F*&F/"<-#j):%6&*:%F*?#()*$&0?)9%F$)%/"&/%#$
*</%/)-.#*&/):%#..):#&/)?>%C<-%&*>%-)&$<*%6#*(?F:#*,@%C<-%)l&.=?)@%0)(&F$)%.&/)-#&?$%(<*/&#*#*,%/")%M<-5%(&**</
-)&$<*&0?>%0)%-)(&??):9%1#??%0)%$F0k)(/%/<%&??%-).):#)$%&3&#?&0?)%&/%?&1%<-%#*%)eF#/>@%0F/%#*%*<%)3)*/%/<%&%=&>.)*/%<C
?)$$%/"&*%/"-))%/#.)$%/")%D#,"/$"<?:)-g$%<-:#*&->%?#()*$)%=-#()%C<-%/")%.<$/%(?<$)?>%&*&?<,<F$%?#()*$&0?)%F$)%=?F$
D#,"/$"<?:)-g$%&*:V<-%;;;g$%(<$/$%&*:%)l=)*$)$%#*(F--):%#*%(<??)(/#*,%$F("%=&>.)*/B

OB Y#$()??&*)<F$B

OBRB 8$)-%&(5*<1?):,)$%/"&/%;;;%.&>@%C-<.%/#.)%/<%/#.)@%.&5)%("&*,)$%<-%&::#/#<*$%/<%/")%I)-3#()%<-%/<%/")$)
/)-.$%&*:%(<*:#/#<*$@%&*:%;;;%-)$)-3)$%/")%-#,"/%/<%$)*:%*</#()%/<%/")%8$)-%0>%)?)(/-<*#(%.&#?%<-
</")-1#$)%C<-%/")%=F-=<$)$%<C%*</#C>#*,%8$)-%<C%$F("%("&*,)$%<-%&::#/#<*$i%=-<3#:):%/"&/%&*>%$F("%("&*,)$
<-%&::#/#<*$%$"&??%*</%&==?>%/<%=)-.#$$#<*$%&?-)&:>%$)(F-):%&*:%=&#:%C<-B

OBNB 8$)%<C%8$)-P-)?&/):%#*C<-.&/#<*%(<??)(/):%/"-<F,"%/")%I)-3#()%#$%,<3)-*):%0>%;;;g$%=-#3&(>%=<?#(>@%&3&#?&0?)
<*?#*)%")-)h"//=$hVV.&-5)/=?&()B(<=>-#,"/B(<.V-$PF#P1)0V.=V=-#3&(>P=<?#(>

OBSB !")%?#()*$#*,%/-&*$&(/#<*%:)$(-#0):%#*%/")%K-:)-%;<*E-.&/#<*%#$%=)-$<*&?%/<%8$)-B%!")-)C<-)@%8$)-%.&>%*</
&$$#,*%<-%/-&*$C)-%/<%&*>%</")-%=)-$<*%61")/")-%&%*&/F-&?%=)-$<*%<-%&*%<-,&*#j&/#<*%<C%&*>%5#*:9%/")
?#()*$)%(-)&/):%0>%/")%K-:)-%;<*E-.&/#<*%&*:%/")$)%/)-.$%&*:%(<*:#/#<*$%<-%&*>%-#,"/$%,-&*/):
")-)F*:)-i%=-<3#:):@%"<1)3)-@%/"&/%8$)-%.&>%&$$#,*%$F("%?#()*$)%#*%#/$%)*/#-)/>%<*%1-#//)*%*</#()%/<%;;;%#*
/")%)3)*/%<C%&%/-&*$C)-%<C%&??%<-%$F0$/&*/#&??>%&??%<C%8$)-g$%-#,"/$%#*%/")%*)1%.&/)-#&?%1"#("%#*(?F:)$%/")
M<-56$9%?#()*$):%F*:)-%/"#$%I)-3#()B

OB]B H<%&.)*:.)*/%<-%1&#3)-%<C%&*>%/)-.$%#$%0#*:#*,%F*?)$$%$)/%C<-/"%#*%1-#/#*,%&*:%$#,*):%0>%/")%=&-/#)$B%!")
D#,"/$"<?:)-%&*:%;;;%")-)0>%<0k)(/%/<%&*>%/)-.$%(<*/&#*):%#*%&*>%1-#/#*,%=-)=&-):%0>%/")%8$)-%<-%#/$
=-#*(#=&?$@%).=?<>))$@%&,)*/$%<-%&p?#&/)$%&*:%=F-=<-/#*,%/<%,<3)-*%<-%</")-1#$)%-)?&/)%/<%/")%?#()*$#*,
/-&*$&(/#<*%:)$(-#0):%#*%/")%K-:)-%;<*E-.&/#<*@%1"#("%/)-.$%&-)%#*%&*>%1&>%#*(<*$#$/)*/%1#/"%&*>%/)-.$
$)/%C<-/"%#*%/")%K-:)-%;<*E-.&/#<*%&*:V<-%#*%/")$)%/)-.$%&*:%(<*:#/#<*$%<-%;;;g$%$/&*:&-:%<=)-&/#*,
=-<():F-)$@%1")/")-%$F("%1-#/#*,%#$%=-)=&-):%=-#<-%/<@%$#.F?/&*)<F$?>%1#/"%<-%$F0$)eF)*/%/<%/")%K-:)-
;<*E-.&/#<*@%&*:%1")/")-%$F("%1-#/#*,%&==)&-$%<*%&%(<=>%<C%/")%K-:)-%;<*E-.&/#<*%<-%#*%&%$)=&-&/)
#*$/-F.)*/B
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OBUB !")%?#()*$#*,%/-&*$&(/#<*%:)$(-#0):%#*%/")%K-:)-%;<*E-.&/#<*%:<(F.)*/%$"&??%0)%,<3)-*):%0>%&*:
(<*$/-F):%F*:)-%/")%?&1%<C%/")%I/&/)%<C%H)1%c<-5@%8I+@%1#/"<F/%-),&-:%/<%/")%=-#*(#=?)$%/")-)<C%<C%(<*r#(/$
<C%?&1B%+*>%(&$)@%(<*/-<3)-$>@%$F#/@%&(/#<*@%<-%=-<()):#*,%&-#$#*,%<F/%<C@%#*%(<**)(/#<*%1#/"@%<-%-)?&/):%/<
$F("%?#()*$#*,%/-&*$&(/#<*%$"&??%0)%0-<F,"/@%&/%;;;g$%$<?)%:#$(-)/#<*@%#*%&*>%C):)-&?%<-%$/&/)%(<F-/%?<(&/):%#*
/")%;<F*/>%<C%H)1%c<-5@%I/&/)%<C%H)1%c<-5@%8I+@%<-%#*%&*>%C):)-&?%<-%$/&/)%(<F-/%1"<$)%,)<,-&="#(&?
kF-#$:#(/#<*%(<3)-$%/")%?<(&/#<*%<C%/")%D#,"/$"<?:)-%$)/%C<-/"%#*%/")%K-:)-%;<*E-.&/#<*B%!")%=&-/#)$
)l=-)$$?>%$F0.#/%/<%/")%=)-$<*&?%kF-#$:#(/#<*%&*:%3)*F)%<C%)&("%$F("%C):)-&?%<-%$/&/)%(<F-/BAC%><F%"&3)%&*>
(<..)*/$%<-%eF)$/#<*$%&0<F/%/")%I)-3#()%<-%;<=>-#,"/%;?)&-&*()%;)*/)-@%=?)&$)%(<*/&(/%F$%&/%\TOPTUQP
O]QQ%<-%$)*:%&*%)P.&#?%/<%$F==<-/s(<=>-#,"/B(<.B

3%RBR
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$F("%/"#-:%=&-/>%.&/)-#&?$%.&>%*</%0)%F$):B

WBOB 8$)%<C%=-<=)-%(<=>-#,"/%*</#()%C<-%&%M<-5%#$%-)kF#-):%&$%&%(<*:#/#<*%<C%&*>%?#()*$)%,-&*/):%F*:)-%/")
I)-3#()B%8*?)$$%</")-1#$)%=-<3#:):%#*%/")%K-:)-%;<*E-.&/#<*@%&%=-<=)-%(<=>-#,"/%*</#()%1#??%-)&:
$F0$/&*/#&??>%&$%C<??<1$_%7D)=F0?#$"):%1#/"%=)-.#$$#<*%<C%lD#,"/$"<?:)-b$%*&.)m@%C-<.%lM<-5b$%/#/?)@%&F/"<-@
3<?F.)@%):#/#<*%*F.0)-%&*:%>)&-%<C%(<=>-#,"/md%=)-.#$$#<*%(<*3)>):%/"-<F,"%;<=>-#,"/%;?)&-&*()%;)*/)-@
A*(B%7%IF("%*</#()%.F$/%0)%=-<3#:):%#*%&%-)&$<*&0?>%?),#0?)%C<*/%$#f)%&*:%.F$/%0)%=?&():%)#/")-
#..):#&/)?>%&:i&()*/%/<%/")%M<-5%&$%F$):%6C<-%)\&.=?)@%&$%=&-/%<C%&%0>P?#*)%<-%C<</*</)%0F/%*</%&$%&
$)=&-&/)%)?)(/-<*#(%?#*59%<-%#*%/")%=?&()%1")-)%$F0$/&*/#&??>%&??%</")-%(-):#/$%<-%*</#()$%C<-%/")%*)1%1<-5
(<*/&#*#*,%/")%-)=F0?#$"):%M<-5%&-)%?<(&/):B%Q&#?F-)%/<%#*(?F:)%/")%-)kF#-):%*</#()%-)$F?/$%#*%?<$$%/<%/")
D#,"/$"<?:)-%&*:%;;;@%&*:%/")%8$)-%$"&??%0)%?#&0?)%/<%=&>%?#kF#:&/):%:&.&,)$%C<-%)&("%$F("%C&#?F-)%)kF&?%/<
/1#()%/")%F$)%C))%$=)(#E):%#*%/")%K-:)-%;<*E-.&/#<*@%#*%&::#/#<*%/<%/")%F$)%C))%#/$)?C%&*:%&*>%</")-%C))$
&*:%("&-,)$%$=)(#E):B

WB]B 8$)-%.&>%<*?>%.&5)%&?/)-&/#<*$%/<%/")%M<-5%#C%&*:%&$%)\=-)$$?>%$)/%C<-/"%#*%/")%K-:)-%;<*E-.&/#<*B%H<
M<-5%.&>%0)%F$):%#*%&*>%1&>%/"&/%#$%:)C&.&/<->@%3#<?&/)$%/")%-#,"/$%<C%/"#-:%=&-/#)$%6#*(?F:#*,%$F("%/"#-:
=&-/#)$b%-#,"/$%<C%(<=>-#,"/@%=-#3&(>@%=F0?#(#/>@%<-%</")-%/&*,#0?)%<-%#*/&*,#0?)%=-<=)-/>9@%<-%#$%</")-1#$)
#??),&?@%$)\F&??>%)\=?#(#/%<-%<0$()*)B%A*%&::#/#<*@%8$)-%.&>%*</%(<*i<#*%&%M<-5%1#/"%&*>%</")-%.&/)-#&?%/"&/
.&>%-)$F?/%#*%:&.&,)%/<%/")%-)=F/&/#<*%<C%/")%D#,"/$"<?:)-B%8$)-%&,-))$%/<%#*C<-.%;;;%#C%#/%0)(<.)$%&1&-)
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<C%&*>%#*C-#*,).)*/%<C%&*>%-#,"/$%#*%&%M<-5%&*:%/<%(<<=)-&/)%1#/"%&*>%-)&$<*&0?)%-)kF)$/%<C%;;;%<-%/")
D#,"/$"<?:)-%#*%(<**)(/#<*%/")-)1#/"B

^B A*:).*#/>B%8$)-%")-)0>%#*:).*#E)$%&*:%&,-))$%/<%:)C)*:%/")%D#,"/$"<?:)-%&*:%;;;@%&*:%/")#-%-)$=)(/#3)
).=?<>))$%&*:%:#-)(/<-$@%&,&#*$/%&??%(?&#.$@%?#&0#?#/>@%:&.&,)$@%(<$/$%&*:%)\=)*$)$@%#*(?F:#*,%?),&?%C))$%&*:
)\=)*$)$@%&-#$#*,%<F/%<C%&*>%F$)%<C%&%M<-5%0)><*:%/")%$(<=)%<C%/")%-#,"/$%,-&*/):%")-)#*@%<-%&*>%F$)%<C%&%M<-5
1"#("%"&$%0))*%&?/)-):%#*%&*>%F*&F/"<-#f):%1&>%0>%8$)-@%#*(?F:#*,%(?&#.$%<C%:)C&.&/#<*%<-%#*C-#*,).)*/%<C%-#,"/$
<C%(<=>-#,"/@%=F0?#(#/>@%=-#3&(>%<-%</")-%/&*,#0?)%<-%#*/&*,#0?)%=-<=)-/>B

OB '#.#/&/#<*%<C%'#&0#?#/>B%8HJGD%HK%;AD;8YI!+H;GI%MA''%;;;%KD%!ZG%DAaZ!IZK'JGD%eG%'A+e'G%QKD%+Hj%JADG;!@
AHJADG;!@%;KHIGL8GH!A+'%KD%AH;AJGH!+'%J+Y+aGI%6AH;'8JAHa%MA!ZK8!%'AYA!+!AKH%J+Y+aGI%QKD%'KII%KQ
e8IAHGII%`DKQA!I%KD%AHQKDY+!AKH@%KD%QKD%e8IAHGII%AH!GDD8`!AKH9%+DAIAHa%K8!%KQ%!ZG%8IG%KD%AH+eA'A!j
!K%8IG%+%MKD2@%G[GH%AQ%KHG%KQ%!ZGY%Z+I%eGGH%+J[AIGJ%KQ%!ZG%`KIIAeA'A!j%KQ%I8;Z%J+Y+aGIB%A*%&*>%)3)*/@
/")%/</&?%?#&0#?#/>%<C%/")%D#,"/$"<?:)-%&*:%;;;%6#*(?F:#*,%/")#-%-)$=)(/#3)%).=?<>))$%&*:%:#-)(/<-$9%$"&??%*</%)\()):
/")%/</&?%&.<F*/%&(/F&??>%=&#:%0>%8$)-%C<-%/"#$%?#()*$)B%8$)-%&$$F.)$%CF??%?#&0#?#/>%C<-%/")%&(/#<*$%&*:%<.#$$#<*$%<C%#/$
=-#*(#=&?$@%).=?<>))$@%&,)*/$@%&n?#&/)$@%$F(()$$<-$%&*:%&$$#,*$B

]B '#.#/):%M&--&*/#)$B%!ZG%MKD26I9%+HJ%DAaZ!6I9%+DG%`DK[AJGJ%7+I%AI7B%;;;%Z+I%!ZG%DAaZ!%!K%aD+H!%!K%8IGD
!ZG%DAaZ!I%aD+H!GJ%AH%!ZG%KDJGD%;KHQADY+!AKH%JK;8YGH!B%;;;%+HJ%!ZG%DAaZ!IZK'JGD%JAI;'+AY%+''
K!ZGD%M+DD+H!AGI%DG'+!AHa%!K%!ZG%MKD26I9%+HJ%DAaZ!6I9@%GA!ZGD%Go`DGII%KD%AY`'AGJ@%AH;'8JAHa
MA!ZK8!%'AYA!+!AKH%AY`'AGJ%M+DD+H!AGI%KQ%YGD;Z+H!+eA'A!j%KD%QA!HGII%QKD%+%`+D!A;8'+D%`8D`KIGB
+JJA!AKH+'%DAaZ!I%Y+j%eG%DGL8ADGJ%!K%8IG%A''8I!D+!AKHI@%aD+`ZI@%`ZK!KaD+`ZI@%+eI!D+;!I@%AHIGD!I
KD%K!ZGD%`KD!AKHI%KQ%!ZG%MKD2%6+I%K``KIGJ%!K%!ZG%GH!ADG%MKD29%AH%+%Y+HHGD%;KH!GY`'+!GJ%ej%8IGDd
8IGD%8HJGDI!+HJI%+HJ%+aDGGI%!Z+!%HGA!ZGD%;;;%HKD%!ZG%DAaZ!IZK'JGD%Y+j%Z+[G%I8;Z%+JJA!AKH+'
DAaZ!I%!K%aD+H!B

UB Gp)(/%<C%e-)&("B%+*>%C&#?F-)%0>%8$)-%/<%=&>%&*>%&.<F*/%1")*%:F)@%<-%&*>%F$)%0>%8$)-%<C%&%M<-5%0)><*:%/")%$(<=)
<C%/")%?#()*$)%$)/%C<-/"%#*%/")%K-:)-%;<*E-.&/#<*%&*:X<-%/")$)%/)-.$%&*:%(<*:#/#<*$@%$"&??%0)%&%.&/)-#&?%0-)&("%<C
/")%?#()*$)%(-)&/):%0>%/")%K-:)-%;<*E-.&/#<*%&*:%/")$)%/)-.$%&*:%(<*:#/#<*$B%+*>%0-)&("%*</%(F-):%1#/"#*%WN
:&>$%<C%1-#//)*%*</#()%/")-)<C%$"&??%-)$F?/%#*%#..):#&/)%/)-.#*&/#<*%<C%$F("%?#()*$)%1#/"<F/%CF-/")-%*</#()B%+*>
F*&F/"<-#f):%60F/%?#()*$&0?)9%F$)%<C%&%M<-5%/"&/%#$%/)-.#*&/):%#..):#&/)?>%F=<*%*</#()%/")-)<C%.&>%0)%?#kF#:&/):
0>%=&>.)*/%<C%/")%D#,"/$"<?:)-b$%<-:#*&->%?#()*$)%=-#()%/")-)C<-d%&*>%F*&F/"<-#f):%6&*:%F*?#()*$&0?)9%F$)%/"&/%#$
*</%/)-.#*&/):%#..):#&/)?>%C<-%&*>%-)&$<*%6#*(?F:#*,@%C<-%)\&.=?)@%0)(&F$)%.&/)-#&?$%(<*/&#*#*,%/")%M<-5%(&**</
-)&$<*&0?>%0)%-)(&??):9%1#??%0)%$F0i)(/%/<%&??%-).):#)$%&3&#?&0?)%&/%?&1%<-%#*%)kF#/>@%0F/%#*%*<%)3)*/%/<%&%=&>.)*/%<C
?)$$%/"&*%/"-))%/#.)$%/")%D#,"/$"<?:)-b$%<-:#*&->%?#()*$)%=-#()%C<-%/")%.<$/%(?<$)?>%&*&?<,<F$%?#()*$&0?)%F$)%=?F$
D#,"/$"<?:)-b$%&*:X<-%;;;b$%(<$/$%&*:%)\=)*$)$%#*(F--):%#*%(<??)(/#*,%$F("%=&>.)*/B

TB Y#$()??&*)<F$B

TBSB 8$)-%&(5*<1?):,)$%/"&/%;;;%.&>@%C-<.%/#.)%/<%/#.)@%.&5)%("&*,)$%<-%&::#/#<*$%/<%/")%I)-3#()%<-%/<%/")$)
/)-.$%&*:%(<*:#/#<*$@%&*:%;;;%-)$)-3)$%/")%-#,"/%/<%$)*:%*</#()%/<%/")%8$)-%0>%)?)(/-<*#(%.&#?%<-
</")-1#$)%C<-%/")%=F-=<$)$%<C%*</#C>#*,%8$)-%<C%$F("%("&*,)$%<-%&::#/#<*$d%=-<3#:):%/"&/%&*>%$F("%("&*,)$
<-%&::#/#<*$%$"&??%*</%&==?>%/<%=)-.#$$#<*$%&?-)&:>%$)(F-):%&*:%=&#:%C<-B

TBRB 8$)%<C%8$)-P-)?&/):%#*C<-.&/#<*%(<??)(/):%/"-<F,"%/")%I)-3#()%#$%,<3)-*):%0>%;;;b$%=-#3&(>%=<?#(>@%&3&#?&0?)
<*?#*)%")-)_"//=$_XX.&-5)/=?&()B(<=>-#,"/B(<.X-$PF#P1)0X.=X=-#3&(>P=<?#(>

TBWB !")%?#()*$#*,%/-&*$&(/#<*%:)$(-#0):%#*%/")%K-:)-%;<*E-.&/#<*%#$%=)-$<*&?%/<%8$)-B%!")-)C<-)@%8$)-%.&>%*</
&$$#,*%<-%/-&*$C)-%/<%&*>%</")-%=)-$<*%61")/")-%&%*&/F-&?%=)-$<*%<-%&*%<-,&*#f&/#<*%<C%&*>%5#*:9%/")
?#()*$)%(-)&/):%0>%/")%K-:)-%;<*E-.&/#<*%&*:%/")$)%/)-.$%&*:%(<*:#/#<*$%<-%&*>%-#,"/$%,-&*/):
")-)F*:)-d%=-<3#:):@%"<1)3)-@%/"&/%8$)-%.&>%&$$#,*%$F("%?#()*$)%#*%#/$%)*/#-)/>%<*%1-#//)*%*</#()%/<%;;;%#*
/")%)3)*/%<C%&%/-&*$C)-%<C%&??%<-%$F0$/&*/#&??>%&??%<C%8$)-b$%-#,"/$%#*%/")%*)1%.&/)-#&?%1"#("%#*(?F:)$%/")
M<-56$9%?#()*$):%F*:)-%/"#$%I)-3#()B
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TB^B H<%&.)*:.)*/%<-%1&#3)-%<C%&*>%/)-.$%#$%0#*:#*,%F*?)$$%$)/%C<-/"%#*%1-#/#*,%&*:%$#,*):%0>%/")%=&-/#)$B%!")
D#,"/$"<?:)-%&*:%;;;%")-)0>%<0i)(/%/<%&*>%/)-.$%(<*/&#*):%#*%&*>%1-#/#*,%=-)=&-):%0>%/")%8$)-%<-%#/$
=-#*(#=&?$@%).=?<>))$@%&,)*/$%<-%&n?#&/)$%&*:%=F-=<-/#*,%/<%,<3)-*%<-%</")-1#$)%-)?&/)%/<%/")%?#()*$#*,
/-&*$&(/#<*%:)$(-#0):%#*%/")%K-:)-%;<*E-.&/#<*@%1"#("%/)-.$%&-)%#*%&*>%1&>%#*(<*$#$/)*/%1#/"%&*>%/)-.$
$)/%C<-/"%#*%/")%K-:)-%;<*E-.&/#<*%&*:X<-%#*%/")$)%/)-.$%&*:%(<*:#/#<*$%<-%;;;b$%$/&*:&-:%<=)-&/#*,
=-<():F-)$@%1")/")-%$F("%1-#/#*,%#$%=-)=&-):%=-#<-%/<@%$#.F?/&*)<F$?>%1#/"%<-%$F0$)kF)*/%/<%/")%K-:)-
;<*E-.&/#<*@%&*:%1")/")-%$F("%1-#/#*,%&==)&-$%<*%&%(<=>%<C%/")%K-:)-%;<*E-.&/#<*%<-%#*%&%$)=&-&/)
#*$/-F.)*/B

TBOB !")%?#()*$#*,%/-&*$&(/#<*%:)$(-#0):%#*%/")%K-:)-%;<*E-.&/#<*%:<(F.)*/%$"&??%0)%,<3)-*):%0>%&*:
(<*$/-F):%F*:)-%/")%?&1%<C%/")%I/&/)%<C%H)1%j<-5@%8I+@%1#/"<F/%-),&-:%/<%/")%=-#*(#=?)$%/")-)<C%<C%(<*q#(/$
<C%?&1B%+*>%(&$)@%(<*/-<3)-$>@%$F#/@%&(/#<*@%<-%=-<()):#*,%&-#$#*,%<F/%<C@%#*%(<**)(/#<*%1#/"@%<-%-)?&/):%/<
$F("%?#()*$#*,%/-&*$&(/#<*%$"&??%0)%0-<F,"/@%&/%;;;b$%$<?)%:#$(-)/#<*@%#*%&*>%C):)-&?%<-%$/&/)%(<F-/%?<(&/):%#*
/")%;<F*/>%<C%H)1%j<-5@%I/&/)%<C%H)1%j<-5@%8I+@%<-%#*%&*>%C):)-&?%<-%$/&/)%(<F-/%1"<$)%,)<,-&="#(&?
iF-#$:#(/#<*%(<3)-$%/")%?<(&/#<*%<C%/")%D#,"/$"<?:)-%$)/%C<-/"%#*%/")%K-:)-%;<*E-.&/#<*B%!")%=&-/#)$
)\=-)$$?>%$F0.#/%/<%/")%=)-$<*&?%iF-#$:#(/#<*%&*:%3)*F)%<C%)&("%$F("%C):)-&?%<-%$/&/)%(<F-/BAC%><F%"&3)%&*>
(<..)*/$%<-%kF)$/#<*$%&0<F/%/")%I)-3#()%<-%;<=>-#,"/%;?)&-&*()%;)*/)-@%=?)&$)%(<*/&(/%F$%&/%VUTPUONP
T^NN%<-%$)*:%&*%)P.&#?%/<%$F==<-/r(<=>-#,"/B(<.B

3%SBS
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86. Mohammed, A. M., Šulc, P., Zenk, J. & Schulman, R. Self-assembling DNA
nanotubes to connect molecular landmarks. Nature Nanotechnology 12, 312–
316 (Dec. 2016).

87. Jorgenson, T. D., Mohammed, A. M., Agrawal, D. K. & Schulman, R. Self-
Assembly of Hierarchical DNA Nanotube Architectures with Well-Defined
Geometries. ACS Nano 11, 1927–1936 (Jan. 2017).

88. Agrawal, D. K. et al. Terminating DNA Tile Assembly with Nanostructured
Caps. ACS Nano 11, 9770–9779 (Sept. 2017).

89. Jahnke, K. et al. Actomyosin-Assisted Pulling of Lipid Nanotubes from Lipid
Vesicles and Cells. Nano Letters (Jan. 2022).

90. Haller, B. et al. Autonomous Directional Motion of Actin-Containing Cell-
Sized Droplets. Advanced Intelligent Systems 3, 2000190 (Nov. 2020).

91. Jahnke, K. et al. Engineering Light-Responsive Contractile Actomyosin Net-
works with DNA Nanotechnology. Advanced Biosystems 4, 2000102 (July
2020).

92. Jahnke, K., Grubmüller, H., Igaev, M. & Göpfrich, K. Choice of fluorophore
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