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Para Nando y Lulu



Kings and lords come and go and leave
nothing but statues in a desert, while
a couple of youngsters tinkering in a
workshop change the way the world works.

—Terry Pratchett, The Truth
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Abstract

Bottom-up synthetic biology is an interdisciplinary area of research working towards one
grand goal: building an artificial cell from scratch. To achieve such feat, this discipline
employs a forward-engineering strategy based on mimicking life’s fundamental principles.
Accordingly, researchers from diverse backgrounds apply a modular assembly approach,
recapitulating essential cellular processes into independent operating modules within giant
unilamellar vesicles (GUVs) as in vitro minimal cell models. Each of these synthetic mod-
ules, composed of molecular building blocks, confers the lipid-based vesicles with specific
functions, enabling the construction of minimal cellular systems through their combinato-
rial integration. However, one of the major challenges posed by this building strategy is the
efficient integration of various modules within vesicles to yield a functioning reconstituted
system exhibiting the desired properties. Without thorough module characterization and
careful adjustment of design variables, our reconstituted minimal cells can display non-
functional attributes and behaviours due to incompatibilities. Despite these challenges, a
critical endeavour in the field of synthetic biology is the development of a minimal divi-
sion machinery to confer artificial cells with the ability to split into two identical daughter
cells. One of the approaches working towards this goal focuses on assembling a eukaryotic-
inspired synthetic division machinery in the form of a contractile actomyosin ring. Al-
though preliminary studies employing a minimal set of proteins have shown promising
results, in vitro reconstituted actomyosin rings fail to effectively transmit their contractile
forces to the vesicle membrane due to a lack of spatiotemporal control. In animal cells,
precise equatorial positioning of actomyosin rings is crucial for cleavage furrow formation
and symmetric division. Nevertheless, recapitulating this highly regulated and convoluted
process in vitro within GUVs is currently unattainable. A simpler mechanism for achieving
mid-cell positioning of in vitro actomyosin rings has yet to be established.

To address this challenge, we have further characterized and exploited a bacterial pro-
tein system as a positioning module: the Escherichia coli MinDE system. This reaction-
diffusion system self-organizes on membranes through ATP-driven attachment-detachment
cycles, forming dynamic and quasi-stationary patterns. While its in vivo role involves in-
hibiting the formation of the bacterial division ring at the cell poles via their lateral (pole-
to-pole) oscillations, the MinDE system has shown an unexpected new function in vitro:
the spatiotemporal control of diffusible, membrane-bound cargo via diffusiophoretic trans-
port. Consequently, to characterize its positioning capabilities and exploit them for other
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Abstract

biotechnological applications, we first evaluated the MinDE system as a versatile patterning
tool for complex 3D structures like microrobots and microcarriers for drug delivery. Em-
ploying two-photon lithography, we 3D-printed microswimmer-like robotic structures and
demonstrated that Min proteins can spatiotemporal control biomolecules of varying nature
on their lipid-coated surfaces. In addition, we showed that the patterning capabilities of
Min proteins extend to free-standing membranes and achieved the quasi-stationary posi-
tioning of cargo on the inner leaflet of vesicular microcarrier systems. After demonstrating
the robustness of the MinDE system as a synthetic positioning module, we then leveraged
it to tackle our primary challenge: the spatiotemporal control of actomyosin rings at the
equator of GUVs for the synthetic division of these minimal cell models. Through the
in vitro co-reconstitution of the actomyosin contraction module with the MinDE system
under optimized encapsulation conditions, we demonstrated that integrating both modules
yields the effective MinDE-driven positioning of actomyosin rings at mid-cell, which gen-
erated the sustained equatorial deformation of vesicles. Intriguingly, we also showed that
the synergistic effect of Min oscillations and contractile actomyosin networks leads to the
emergence of unexpected behaviours, such as the formation of dynamic bleb-like outward
protrusions in vesicles and the remodelling of phase-separated lipid domains.

Taken together, the experimental research presented in this thesis provides strong ev-
idence that the MinDE system can be employed as a robust positioning module not only
for the eukaryotic-based division of synthetic cells, but also for other biomedically relevant
applications such as the functionalization of microfabricated devices and microcarrier sys-
tems. Moreover, this work offers new insights into the synergistic effects arising from the
integration of well-defined functional modules, as well as the mechanistic aspects of the
MinDE system that remain unclear and will require further scrutiny and characterization.
Hence, by demonstrating the successful in vitro integration of synthetic modules, this the-
sis advances synthetic biology efforts towards the long-term goal of building an artificial
cell capable of autonomous self-division.

XII



List of Publications

Publications Included in this Thesis

P1 M. Reverte-López*, S. Gavrilovic*, A. Merino-Salomón*, H. Eto, A. Yagüe Re-
limpio, G. Rivas, and P. Schwille. Protein-Based Patterning to Spatially Functional-
ize Biomimetic Membranes. Small Methods, 7(12):2300173, June 2023. (see section
3.1)

P2 M. Reverte-López, N. Kanwa, Y. Qutbuddin, V. Belousova, M. Jasnin, and P.
Schwille. Self-organized spatial targeting of contractile actomyosin rings for synthetic
cell division. Nature Communications, 15(1):10415, Nov. 2024. (see section 3.2)

* These authors contributed equally to this work

Other Publications
M. Fu, T. Burkart, I. Maryshev, H. G. Franquelim, A. Merino-Salomón, M. Reverte-
López, E. Frey, and P. Schwille. Mechanochemical feedback loop drives persistent motion
of liposomes. Nature Physics, 19(8):1211–1218, Aug. 2023.

XIII



List of Publications

XIV



Declaration of Contributions

P1 Protein-Based Patterning to Spatially Functionalize Biomimetic Membranes.

Co-first author

M.R.-L., S.G., and A.M.-S. contributed equally to this work. M.R.-L., S.G., A.M.-
S., and P.S. conceived the study. M.R.-L., S.G., A.M.-S., and H.E. performed
the patterning experiments. M.R.-L. and H.E. designed geometries and M.R.-L.
printed the 3D microstructures. S.G. performed SEM imaging and DNA origami
validation. A.M.-S. and A.Y-R. performed encapsulation in lipid vesicles. G.R.
provided technical advice on crowding conditions. M.R.-L. wrote the original draft.
M.R.-L., S.G., A.M.-S., and P.S. revised the manuscript and figures. All authors
discussed the results and revised the manuscript.

P2 Self-Organized Spatial Targeting of Contractile Actomyosin Rings for Synthetic Cell
Division.

First author

M.R.-L. and P.S. conceived the study. M.R.-L. designed and performed encapsula-
tion experiments, analysed data, and interpreted results. N.K and M.R.-L. designed
and carried out phase-separation experiments. M.R.-L. and Y.Q analysed blebbing
vesicles. V.B. assisted with the supplementary experiments. M.J. provided tech-
nical advice on protein conditions for encapsulation. M.R.-L. and P.S. wrote the
manuscript and all authors revised and approved the final version of the manuscript.

XV



Declaration of Contributions

We hereby confirm the contributions to the aforementioned publications.

Dr. Adrián Merino Salomón Svetozar Gavrilovic
(Co-first author) (Co-first author)

María Reverte López Prof. Dr. Petra Schwille

Prof. Dr. Heinrich Leonhardt

Munich, 25.03.2025

XVI



1 Introduction

1.1 Synthetic Biology: the science of making
It is within our hardwired nature to create. Whether as a form of artistic expression or
to improve the collective survival, humans design, develop, and optimize. Our remarkable
creativity and divergent thinking have brought us to where we are today as a species, and
will undoubtedly be essential to face the technological, medical, and environmental chal-
lenges of the future.

To tackle these future challenges, there are several fields of scientific research with po-
tential to contribute with innovative solutions. Among them, synthetic biology stands out
as a promising discipline capable of bringing transformative ideas and, ultimately, provide
effective advanced strategies for the next decades [1].

First coined by Barbara Hobom in 1980, synthetic biology was introduced as a term
to define bacteria that had been genetically modified via recombinant DNA technology
[2]. In the early 2000s, however, the debate over the term’s precise scope led to the re-
conceptualization of the field’s goals and the evaluation of its many facets [3]. Particularly,
after the first synthetic biology conference held at MIT in 2004, the community broadened
its horizons while acknowledging the diverse aims of its members. While some researchers
continued applying the “biomimetic chemistry” or biotechnology-based approach from the
field’s early years (working on the construction of synthetic regulatory gene networks and
the synthesis of artificial enzymes), the discipline started adhering to an engineering per-
spective which quickly gained momentum [4, 5, 6]. With a strong motivation to build, the
bioengineering community set up a clear and ongoing goal for synthetic biology: to imple-
ment a large-scale modular approach to build artificial (“synthetic”) systems mimicking
living biological ones. In short, synthetic biology aims to assemble a minimal cell-like unit,
a grand challenge that could not only contribute with varying biomedical applications, but
also shed light on some of the fundamental questions about the intricacies of living matter.

Since then, synthetic biology has been defined as the “science of making” [7], a highly
multidisciplinary study area nurtured by researchers from diverse backgrounds (biologists,
chemists, physicists, and engineers among others) who bring their expertise and working
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1. Introduction

principles from their respective disciplines. Given its ambitious mission, many scientific
initiatives and alliances have been launched globally [8]. From the seminal International
Genetically Engineered Machine (iGEM) competition [9] to other European-based initia-
tives such as the European Synthetic Cell Initiative (SynCellEU) [10] and the European
Association of Synthetic Biology Students and Postdocs (EUSynBioS) [11], these organi-
zations approach the field’s challenges from different viewpoints, each focusing on specific
goals [12].

Although the field initially met some scepticism over its ability to deliver “real-world
applications” [13], new technologies and commercial products have been developed through
the application of synthetic biology tools [14, 15]. These technological achievements, be-
yond offering an optimistic view of the long journey ahead, confirm the impact this scientific
discipline will have in answering fundamental questions and responding to future needs and
opportunities.

1.1.1 The top-down and bottom-up strategies to synthetic life
Contemporary synthetic biology has become an international scientific endeavour with one
main mission: the construction of a cell-like mimic [8]. Precisely defining which characteris-
tic functions of living cells we must mimic is, however, no easy task. Life encompasses many
different types of living assemblies with varying complexities. Consequently, researchers
are focusing their efforts on recapitulating only the essential cellular functions in mini-
mal artificial systems. The current field consensus is that, to sustain life, an artificial cell
must comprise the following cellular processes: (1) compartmentalization, (2) metabolism,
(3) biosynthesis, (4) energy supply, (5) stimuli-responsiveness, (6) replication of genetic
information, and (7) self-reproduction [16, 17, 18]. Furthermore, to be fully considered
a living entity, this self-assembled and self-sustaining system must eventually follow Dar-
winian evolution, adapting to its environment and acquiring new functionalities [19, 20, 21].
To approach the construction of such an artificial cell, the synthetic biology community
is following two methodological lines of research: the top-down and bottom-up approaches.

On the one hand, the top-down approach pioneered by the J. Craig Venter Institute
(JCVI) envisions a synthetic system as a biological entity reduced to its simplest form via
the genetic manipulation of existing cells, stripping down their genome until solely their
core essential and quasi-essential genes remain [22, 20]. Thanks to the advancements in
high-throughput DNA engineering technologies, Hutchison, Gibson, and colleagues at the
JCVI conducted genome erosion on Mycoplasma mycoides and transplanted this genome
to a Mycoplasma capricolum cell [23, 24, 25]. The result, after several iterations, was
JCVI-syn3.0, a self-replicating synthetic organism with only 473 genes [26]. The success-
ful implementation of this approach has led to many fruitful applications where microbial
engineering has enabled the production of advanced biofuels and drug precursors [27, 28].

2



1.1 Synthetic Biology: the science of making

Although this reductionist approach has provided important insights into the essential
genomic information a synthetic cell would carry, one-third of the JCVI-syn3.0’s genome
has unknown function [29]. Like a black box, this synthetic organism consists of genes
with uncharacterised purpose, posing an important bottleneck for those working in the
top-down approach.

On the other hand, the bottom-up approach follows the minimization strategy from
the opposite direction. As the term indicates, this strategy aims to construct artificial cells
from scratch by the assembly of isolated components. Starting from minimal operating
units taken from biological or synthetic sources (like proteins, DNA, polymers, etc.), the
idea is to assemble them into functional entities, parts, and modules which, upon integra-
tion, yield complex yet fully characterized artificial cells [30, 16].

The bottom-up approach presents several advantages over its top-down counterpart.
Partly inspired by the achievements and frameworks from fields such as origin of life
research and synthetic chemistry, the characteristic bottom-up methodology allows re-
searchers to garner the predictability and full control required to construct artificial sys-
tems. Building and studying a set of synthetic toolboxes provides the possibility to op-
timize their parts, prevent redundancy, and avoid unwanted crosstalk [31, 16, 32]. Most
importantly, it allows for the stepwise increase in complexity [33]. The simple organic or
inorganic synthetic molecules constituting their parts can be combined and repurposed,
creating hybrid systems with tailored functions and processes which may not necessarily
be observed in nature [18, 34]. Moreover, as a result of the systematic study of potential
synthetic molecular toolkits, our understanding of biological processes advances while we
unveil new questions about their working components [35, 36].

Although the bottom-up strategy bypasses some of the bottlenecks from the top-down
approach, its working principles make the assembly of artificial cells a slow and complex
process [37]. Hence, researchers consider necessary the combination of both methodologies.
More precisely, we could strategically apply some of the genetic knowledge retrieved from
JCVI-syn3.0 and consider this minimal organism as a module blueprint for a bottom-up
assembled cell [19].

Nonetheless, many studies have already shown the wide range of foreseeable applications
to which bottom-up synthetic biology could contribute [36]. In biomedicine, bottom-up
artificial cells could be used as biomedical tools for the synthesis and delivery of drugs, or
as biosensors for diagnostics [38, 39, 40, 41]. Furthermore, in addition to replacing cellular
functions, customized synthetic systems could act as biocatalysts or intelligent biomaterials
[42, 43], expanding their relevance within bioremediation and environmental efforts [44, 45].

3



1. Introduction

1.1.2 Modular assembly of biological functions to build a cell
from scratch

One fundamental feature that sets synthetic biology (especially its bottom-up approach)
apart from other disciplines is the implementation of standard engineering principles to
achieve the forward-engineering of biological systems [46, 4, 47]. While adhering to a
rational design strategy, researchers in the field adopt engineering principles such as de-
coupling via modularity, standardization of parts, and abstraction of complexity [4, 48].
As a result, the most suitable workflow for this approach is the engineering cycle, a frame-
work that consists of four steps: (i) design our synthetic systems based on purpose and
constraints, (ii) build them by integrating standard biological parts or bio-bricks, (iii) test
their functionality through quality assurance, and (iv) learn from the outcome to optimize
the product before restarting the cycle [49, 50].

For those working in the bottom-up approach, these principles constitute the founda-
tion of its modular design rationale [51]. As described above (see section 1.1.1), to design
and build a customizable artificial cell, bottom-up synthetic biology follows the divide-and-
conquer paradigm [52]. Due to the extraordinary complexity of biological systems, the idea
is to decouple their essential cellular processes and reconstitute each of them independently
as self-contained module units [4]. A synthetic module is therefore defined by its discrete
and standardized function and comprises a series of elemental molecular building blocks
of either natural or artificial origin (proteins, lipids, nucleotides, synthetic polymers, etc.)
[53, 54, 31]. Building a cell thus becomes a plug-and-play process in which modules act like
interlocking Lego bricks assembling and enriching the artificial cell with varying functions
(Figure 1.1) [51].

Nonetheless, nature is no stranger to modularity. Functional modules are a crucial level
of biological organization resulting from the cell’s design principles, which favour robust-
ness, efficiency, and adaptability [53, 55, 56]. These principles, managed and regulated by
evolution, have given rise to discrete modules consisting of interacting biomolecules that
provide specific functions to cells (e.g., signal transduction, DNA replication, protein syn-
thesis, glycolysis, etc.) [42]. Given the successful modular organization of living cells, it
is therefore reasonable to consider the mimicking strategy of bottom-up synthetic biology
a feasible approach. However, due to the complexity of the task at hand, the need for
collaboration within the bottom-up community is evident. Consequently, research labs fo-
cus on reconstituting particular functional modules with the set of building blocks of their
preference [31, 33]. Of particular interest is the Registry of Standard Biological Parts, a
growing synthetic library with a documented collection of genetic parts for their use as
biobricks to build an artificial cell [57].

Although the process might seem straightforward, the modular design of an artificial
cell poses a challenge. One can partition cellular functions into modules for the sake of
reducing complexity, but the separate construction of these modules in labs around the

4



1.1 Synthetic Biology: the science of making

System design

CompartmentalizationSelf-division

BiosynthesisStimuli-responsiveness

1 x 2

23 mM

Na+

Mg2+
22°C

X

5 μM

Module production

Integration

Testing 
&

Optimization

Synthetic system 
Prototype

Figure 1.1. Modular assembly of synthetic cells: the engineering cycle. In the
bottom-up approach of synthetic biology, artificial systems are built via the engineering
principles of rational design. To construct a tailored synthetic system with specific capabil-
ities, the first step consists of its design, where a set of essential functions is defined. Each of
these functions is then reconstituted into autonomous modules (e.g., stimuli-responsiveness,
biosynthesis, self-division, compartmentalization), comprising a set of optimized toolkits
(DNA, proteins, etc.) that have been studied in detail to determine their working prin-
ciples and design variables. Integration and assembly of these modules together require
further testing and optimization to ensure that all functioning modules exhibit the ex-
pected behaviour and desired effects. Although this final prototype might differ from the
initial design in experimental conditions and components, this iterative building process
generates valuable resources and knowledge that nurture the next cycle.

world constitutes a problem once integration is sought. Therefore, it is crucial to consider
compatibility when designing any functional module. One way to address this issue in-
volves the meticulous and exhaustive characterization of the biomolecules comprising the
modules to identify their design variables [58, 16]. These variables (e.g., buffer composi-
tion, concentration, geometry, etc.), responsible for the correct functioning of a particular
molecular toolkit, determine the specific conditions and constraints of a synthetic func-
tional unit. Knowing how to tune these design variables while attempting to combine
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1. Introduction

different modules may then enable their seamless integration into customizable artificial
cells.

ln short, through the application of engineering principles, cellular processes could be
reconstituted into synthetic modules regardless of their complexity. To this end, if we aim
to confer our synthetic cells with functions like the ability to divide symmetrically into two
identical daughter cells, we must start by considering which modules would be necessary
to achieve this feat. To simplify this design step, a convenient key strategy that synthetic
biologists can rely on is mimicry. A close look at different prokaryotic and eukaryotic divi-
sion strategies and some tentative functional modules may already provide valuable hints.
Given that single-cell organisms are partially isolated systems, we would first need a com-
partment which separates the content of our synthetic cell from the outside and confines
its components and reactions within a set volume. Once we have isolated our cell from
the outer environment, we could take inspiration from eukaryotic cellular division and as-
semble a contractile division ring. To ensure the partitioning of the cell’s volume into two
equally-sized shapes, additional modules would then be required to maintain the position
of the ring precisely at the centre of our artificial cell while contraction occurs. According
to this analysis, to equip our artificial cells with self-division capabilities, three modules
would then be necessary to provide three functions: compartmentalization, positioning,
and contractility.

To gain a deeper understanding of the tools required for the assembly of these three
modules, in the next subsection a precise definition of the concept of in vitro reconstitution
will be introduced. The rest of this introductory chapter will then focus on describing in
more detail the elemental premises and recent breakthroughs behind the development of
compartmentalization (see section 1.2), contractile (see section 1.3), and positioning mod-
ules (see section 1.4) for synthetic cells.

1.1.3 In vitro reconstitution of synthetic toolkits
Besides his remarkable contributions to the field of theoretical physics, Richard Feynman
bestowed synthetic biologists with one of their core tenets. Extensively quoted by those in
the bottom-up approach, his dictum: “That which I cannot create I do not understand”
offers an evident hint. Experimental work on living cells is not enough to unravel their
convoluted working mechanisms; venturing into mimicking their processes will [59].

However, making the leap from cell studies to experiments in test tubes is not a new-
found idea. Indeed, the start of biochemistry as a discipline is regarded by many after the
in glass (in vitro) experiments on fermentation by Maria Manàsseina and Eduard Buchner
(between 1872 and 1897) which showed that it was possible to reproduce this metabolic
process in the absence of living yeast, simply by employing a cell-free extract [60, 61]. These
experiments were then followed by more complex reconstitutions like the ones performed
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in the 1940s by Szent-Györgyi and Straub to study the physiology of muscle contraction
[62, 63, 64]. Isolating actin and myosin from muscle tissue and reconstituting these two
proteins together in vitro showed that, upon the addition of ATP and magnesium, this
preparation resulted in the contraction of the actomyosin threads with a tension similar to
that observed in living muscle [65, 66].

After the pioneering in vitro reconstitution assays on actin filaments by Oosawa and col-
leagues [67], the technological advancements brought by the field of fluorescent microscopy
and the development of novel devices and techniques for these assays allowed the rapid
progress of cytoskeletal reconstitutions. For example, the physical and mechanistic prop-
erties of cell motility were revealed thanks to improved purification techniques and the use
of polystyrene microspheres, a novel substrate at the time that was intended for the study
of force generation in cytoskeletal polymers [59]. The combination of a simple cocktail
of purified actin and other actin-binding proteins (Arp2/3 complex, actin depolymerizing
factor, and capping protein) on bacterium Listeria monocytogenes, as well as polysterene
microspheres, generated the actin-based motility of these two substrates, thereby enabling
the careful analysis of the mechanism behind actin filament nucleation and branching
[68, 69].

Additionally, the numerous new avenues of research introduced by the development
of total internal reflection fluorescence microscopy (TIRFM) allowed researchers to study
cytoskeletal proteins at a new spatiotemporal resolution [70, 71]. To adapt to these new
imaging techniques, in vitro assays continued to evolve by employing stabilizing, crowding,
and binding agents, which facilitated the confinement and immobilization of actin filaments
onto the surface of glass cover slips for image collection [72, 73]. In short, thanks to these
in vitro reconstitutions, the investigation of filament polymerization dynamics advanced
significantly, enabling researchers to validate molecular models that hypothesized about
the kinetics and topology of actin filament assembly [30].

Performing in vitro reconstitutions thus constitutes a powerful reductionist approach
for characterizing the biomolecules that comprise the set of toolkits needed to build artifi-
cial cells. From these experimental model systems, it is possible to discover the boundary
conditions and design variables that determine the correct functioning of a synthetic cellu-
lar module (e.g., salt concentrations, temperature, net charge, geometry, etc.) [74]. Most
importantly, the unnatural combination of biomolecules not only may shed light on their
working principles and interactions inside the cell, but it could also uncover new functions
and unknown properties not observed in vivo [75]. Furthermore, it provides synthetic bi-
ologists the tools to identify redundancies in molecular toolkits and potential cross-talks
between their biomolecular building blocks. Therefore, the idea of a constructionist biology
is a promising alternative strategy for building an artificial cell under controlled conditions
while also addressing many of the open questions that drive biological research.

Finally, as a method to experimentally validate and assemble synthetic modules, in
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vitro reconstitutions are accompanied by the development of technologies carried out by
the many diverse scientists working in synthetic biology. From new micropatterning and
3D-printing techniques to enhanced microfluidic chips for sample preparation, the meth-
ods employed for the bottom-up reconstitution of synthetic cells continue to steadily grow
[76, 59, 33]. Concurrently, with the advent of an era where artificial intelligence and compu-
tational models offer promising opportunities for synthetic biology, in silico mathematical
models will continue to be a complementary tool with remarkable potential to guide and
validate in vitro reconstitution experiments [52, 51].

1.2 Compartmentalization of artificial cells via lipid-
based synthetic membrane systems

No matter how primitive or complex, one fundamental characteristic of every cell is its
encapsulation by a compartment-defining barrier. Despite its crucial role in defining our
concept of cells as distinct minimal units of life, the discovery of the cellular membrane as
life’s boundary was the result of a long and convoluted history of contributions to the field
of cell membrane research [77, 78].

Considered nonessential secondary structures during most of the 19th century, and of-
ten mistaken for the cell walls of plant or fungi organisms, membranes were not widely
accepted as part of the cell architecture until the early 20th century [79]. Thanks to Over-
ton’s studies on cell permeability and other experiments involving electrical measurements
and cell microinjections [80, 81, 82], the field eventually distinguished cellular membranes
from cellulose cell walls and started putting together an initial hypothesis regarding its
phospholipid-based composition [80]. However, it was not until the direct observation of
cell membranes with electron microscopy in the 1950s that their distinctive “railroad track”
structure was revealed and their existence was corroborated and characterized [83, 84, 77].

Since then, cell membranes have been unmistakeably considered essential for life. The
identity inferred from the separation between the exterior and the cell’s microenviron-
ment, the up-concentration of molecules facilitating the initiation of reactions, and the
sequestration of genetic informational structures are all made possible because of this
three-dimensional phospholipid barrier [85, 78].

Although some consider other membrane-less structures like hydrogels or coacervates
(liquid-liquid phase separated droplets) as artificial cells-like mimics [86, 34], the most
biologically relevant approach to build synthetic life is to confine the biobricks of an artifi-
cial cell within a biomimetic membrane that serves as a delimiting barrier. This not only
would allow us to control the interaction of the synthetic cells with their environment, but
it would also enable the reconstitution and study of many membrane-dependent cellular
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processes by examining the transient interaction of biomolecules with this layer.

1.2.1 Cellular membranes
Life thrives in all sorts of adverse conditions due to the ubiquitous presence of membrane
barriers confining cells into isolated microenvironments. As a structure encapsulating the
biochemical content and reactions of cells, the cellular membrane is a chemically—and
physically—complex fluid barrier [87]. It consists of a self-assembled phospholipid bilayer
film of varying thickness with a heterogeneous chemical composition. On the one hand,
amphiphilic lipid molecules rapidly diffuse within the membrane, featuring different hy-
drophilic polar head groups and hydrophobic acyl chains that allow them to be classified
into a myriad of types [88]. On the other hand, in addition to carbohydrate chains, proteins
embedded in the bilayer matrix or peripherally associated with the membrane are critical
components of the cell membrane (e.g., ion channels, pumps, receptors, etc.) [89, 87, 77].

The prevailing organization of lipid membranes confers many essential functions to liv-
ing cells. Besides acting as a selective barrier where molecule exchange can exclusively
happen through specialized transport proteins, the lipid membrane is a dielectric insu-
lating boundary (enabling the storage of electrical and chemical potential energy) and a
fluid structure, key for changes in cellular shape. Additionally, its surface is a catalytic
matrix where many reactions between transiently-bound cytosolic biomolecules take place.
From vesicle trafficking to cytokinesis, it is therefore evident that the membrane is in-
volved in a plethora of fundamental processes for the cell via the transient polar contact
of biomolecules with its surface [87]

Importantly, as highlighted by Stachowiak and Kirchhausen, the only constant for cell
membranes is change [90]. Due to its diverse chemical makeup, the membrane is under
constant remodelling and presents characteristic mechanical properties such as curvature,
elasticity, compressibility, etc. [91]. In particular, specific lipids and their interactions are
behind some of its bulk properties and structure [92]. Moreover, since the seminal work
published by Singer and Nicholson [93], our understanding of the biological membrane
structure remains rooted in the Fluid-Mosaic model proposed in 1972, which has since
evolved to include satisfactory explanations for recently discovered membrane structures
[94]. Notably, in addition to the asymmetric distribution of lipids, carbohydrates, and
proteins between the two leaflets, membranes exhibit lateral asymmetry. Arising from
the electrostatic interactions and hydrophobic effect of its mixture of biomolecules, self-
assembled domains (rafts) partition within the bilayer, resulting in phase-separated regions
enriched in certain lipids or proteins [95].
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1.2.2 Synthetic membrane model systems

Since the first artificially prepared lipid bilayers in the 1960s [96], the reconstitution of
cellular membranes in vitro through the development of various biomimetic model systems
has become crucial for two main purposes. First, to elucidate the properties conferred
by each specific type of phospholipid and their effect on membrane structure and raft
formation. Second, to provide a platform where we can mimic the conditions required
for membrane-associated proteins to interact and orchestrate membrane-based physiolog-
ical events (e.g., clathrin-mediated endocytosis, signal transduction, cell migration, etc.)
[97, 98]. To this end, in vitro membrane models constitute a set of reliable platforms where
lipid and protein composition, geometry, size, and mechanical properties can be carefully
controlled.

According to their origin, composition, and shape, model membranes can be classified
into different categories [99, 100]. In the case of lipid-based biomimetic membranes, a top-
down approach can be applied and lipids can be directly extracted from cells and employed
to form biomimetic membranes that closely resemble the compositional complexity of liv-
ing cells. Alternatively, a bottom-up approach utilizes synthetic phospholipid molecules
analogous to natural lipids, which enable the homogeneous and customizable assembly of
artificial membranes through their mixing [99, 98]. In addition, with the advancements
coming from the field of polymer chemistry, hybrid lipid-polymer systems and non-native
membranes assembled from polymeric molecules have emerged as alternative membrane
model platforms where polymer chains are employed as main biobricks. Some examples
include polymersomes generated from block-copolymers, proteinosomes, and dendrimer-
somes [101, 102, 103]. The single or multi-layered films created by these polymer materials
allow for the optimization of these models in some biomedically-relevant properties like
biocompatibility and cargo release, turning them into prospective candidates for therapeu-
tic applications [104].

Based on their shape and configuration, model membranes can be sorted into two cate-
gories: membranes on surfaces and membranes in solution. Depending on the experimental
techniques employed for their formation, surface-based or bulk synthetic models can be re-
constituted in monolayer (a single phospholipid film with one lipid molecule thickness) or
bilayer (with inner and outer lipid leaflets) form. From solid-supported lipid bilayers to
nanodiscs and liposomes in solution, biomimetic membranes can thus be selected according
to the objective of the study and the biophysical methods available for their characteriza-
tion [105].

Due to the pivotal role of lipid-assembled supported bilayers and giant vesicles for the
work presented in this thesis, the following sections will describe these two models in detail
with special emphasis on the utilization of photolithography techniques for generating
bilayers on the surface of complex 3D geometries, as well as the use of vesicles as minimal
cell models.
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1.2.2.1 Supported lipid bilayers on flat surfaces

Membrane models created on surfaces include solid-supported lipid bilayers, suspended
(free-standing) membranes on porous surfaces, and other variations such as tethered or
cushioned supported lipid bilayers (Figure 1.2) [99, 97]. One of the most commonly used
membrane models is the supported lipid bilayer (SLB). It consists of a flat phospholipid
bilayer deposited onto the surface of a solid supporting material, with the polar heads
of each bilayer leaflet exposed either to the material or the bulk solvent. To create an
SLB, hydrophilic materials like borosilicate glass, mica, or silica are normally employed.
However, polymers such as polydimethylsiloxane (PDMS), metals or other functionalized
materials can also be employed [106].

Suspended lipid bilayer Tethered/cushioned lipid bilayers

Glass, mica, silica, etc.

Supported lipid bilayer (SLB)
2D

3D

Polymer microstructure

Figure 1.2. Synthetic membrane model systems: surface-assisted lipid bilayers.
Schematic representation of commonly used lipid-based model membrane systems for in
vitro reconstitution experiments. Solid-supported lipid bilayers in 2D can be formed on
surfaces such as glass or mica, while 3D SLBs can be assembled on polymerized photoresist
structures (top panel). In both cases, one lipid leaflet is in direct contact with the surface.
However, lipid bilayers can also be decoupled from the underlying support to study protein
incorporation and membrane interactions. This is the case for pore-suspended lipid bilayer,
which allow accessibility to both lipid leaflets and enhance lipid diffusion (bottom left),
and tethered/cushioned lipid bilayers, which offer long-term stability and a reduction in
membrane-surface interaction, respectively (bottom right).

Besides Langmuir-type approaches (Langmuir-Blodgett or Langmuir-Schäfer deposi-
tion, LB/LS), a reliable and simple way to produce SLBs consists on the fusion of vesicles
over the support. Developed in the 1980s [107], this vesicle deposition procedure relies on
electrostatic interactions between the hydrophilic surface and charged lipid vesicles which
leads to the adsorption, spreading, and fusion of the vesicles on the surface and, as a conse-
quence, the self-assembly of a planar, fluid lipid bilayer. Moreover, the ionic strength and
pH of the buffer solution can affect the optimization of the vesicle deposition procedure.
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For instance, divalent ions like calcium and magnesium appear to interact directly with
lipids and surfaces, promoting the rupture of vesicles and their adsorption [108, 109].

Although vesicle deposition is a relatively straightforward procedure and allows for the
utilization of complex heterogeneous lipid mixtures for bilayer generation, it presents some
limitations. The fusion of liposomes to form the bilayer makes it susceptible to membrane
defects, and it only allows the formation of symmetric membranes; for the generation of
asymmetric supported bilayers, LB/LS approaches are required [98, 108]. Furthermore,
although the surface support makes SLBs more robust than liposomes and offers excellent
accessibility to biophysical characterization techniques like AFM and TIRFM [99], this
surface directly influences the properties of the membrane. Indeed, lipid mobility, lipid
redistribution between the two leaflets, domain growth in phase-separated bilayers, and
leaflet coupling may vary depending on both the lipid composition and the roughness and
nature of the supporting material [110, 108, 111]. Nevertheless, to bypass these effects and
allow the unrestricted diffusion of lipids, functionalized surfaces with polymer brushes can
be employed as a “cushion” below the bilayer [112]. Tethering lipid bilayers to surfaces,
however, produces the opposite effects with anchoring molecules such as DNA oligomers
or thiolipids restricting lipid movement [113].

1.2.2.2 Biomimetic lipid membranes on 3D geometries

Planar supported bilayers on glass coverslips and cleaved mica can span chambers several
millimetres in size, making the membrane a robust 2D nanomaterial in which many lipid-
protein interactions can be studied via their in vitro reconstitution [106]. However, due
to a lack of information along the Z axis, their use for the characterization of biomolecu-
lar interactions in complex three-dimensional shapes similar to those found in cells is not
possible [76]. Adding this third dimension is particularly important for the study of many
cellular processes such as protein organization, enzyme activation, and membrane fusion,
where geometry has a direct effect on biomolecular properties, and curvature or shape are
determining factors that dictate protein behaviour. [114, 115, 116].

To achieve SLBs with a particular geometry, a myriad of different approaches can be
taken. On the one hand, silica nanoparticles or even nanodiamonds can be used as spheri-
cal substrates for their coating with lipid bilayers in a diverse set of biomedical applications
[117, 118]. On the other hand, micropatterned structures fabricated via photolithography
and soft lithography allow the formation of highly diffusible membranes on PDMS mi-
crofluidic chips, closed/open microwells made from different polymers, or micron-length
grooves [119], thereby enabling the study of protein self-assembly and function on these
artificial biomimetic 3D surfaces [120, 121, 122, 123, 124, 125, 126, 127, 128].

Most recently, due to the surge in more advanced 3D-printing techniques, it is now
possible to fabricate and functionalize 3D-printed structures with lipid bilayers on their
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surface. This is the case of two-photon polymerization (2PP) lithography, also known
as direct laser writing (DLW). This novel additive manufacturing technique employs a
photosensitive liquid material (a photoresist consisting of a mixture of photoinitiator and
monomeric matrix molecules) to create micro/nano structures based on the 2PP approach
(Figure 1.3a) [129, 130]. By focusing femtosecond-laser pulses on very small focal vol-
umes within the photoresist, two photons are simultaneously absorbed at the laser focal
area, leading to the cross-linking of the photoresist. More precisely, while the first pho-
ton excites the photoinitiator molecule to an intermediate virtual state, before decay to
its ground state occurs, a second photon is absorbed and further excites the photoresist,
triggering its polymerization into a 3D ellipsoidal volume (voxel). As the probability of
two-photon absorption falls off dramatically away from the laser focal volume where laser
intensity is at its maximum (outside this volume the spatial and temporal density of pho-
tons is insufficient), crosslinking of structures in the sub-micron resolution becomes possible
[131, 130, 132, 133]. The rational design of structures and the scanning of the UV laser
beam through these designs thus allow the sequential polymerization of voxel volumes in
three dimensions, enabling the fabrication of solid architectures which can be used in a
variety of biophysical and medical applications as biosensors, microrobots, etc. [119].

To coat 3D-printed structures with supported lipid bilayers, the surface of the poly-
merized photoresist can be further functionalized to facilitate membrane adherence. The
type of post-functionalization applied depends on the polymer employed to print the
structures and the composition of the lipid mixture. Due to their biorelevant proper-
ties like biocompatibility, low autofluorescence, and good light transmittance, Ormocomp
(a silicate-based organic-inorganic hybrid polymer), pentaerythritol triacrylate (PETA),
trimethylolpropane ethoxylate triacrylate (TPETA), hydrogels, and protein-based inks are
suitable materials for the microfabrication of structures intended for biological applica-
tions [134, 135, 136, 137]. Once the surface chemistry of the 3D structure is optimized,
SLBs are subsequently formed in a similar fashion to their flat counterparts. For instance,
to render Ormocomp-printed structures susceptible to SLB coating, a silanization treat-
ment with (3-aminopropyl)triethoxysilane (APTES) can be performed (Figure 1.3b) [135].
Since Ormocomp is a polymer with an organic-inorganic backbone, the printed structures
are first exposed to argon plasma to generate reactive functional groups on their surface.
Once surface activation is obtained, the organosilane APTES is used to anchor terminal,
positively-charged amine groups to the surface. These positive charges are then exploited
to create an SLB with negatively charged lipid vesicles, which rupture upon their electro-
static interaction with the surface.

In conclusion, coating 3D-printed microstructures with SLBs opens new avenues of
research in which proteins, receptors, or other target biomolecules can be strategically
arranged and displayed on the surface of microrobots such as microswimmers, microde-
vices, and biochemical assays. Therefore, this powerful biomimetic model system holds a
promising future in membrane and biomedical research. In this regard, this 3D membrane
model system is employed in this thesis to study the patterning capabilities of a protein sys-
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tem and characterize its binding and organization on the surface of printed microswimmers.
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Figure 1.3. 3D-printing of microstructures via two-photon direct laser writing
and their surface functionalization for lipid membrane coating. a) Schematic
illustration of 2PP-DLW in dip-in laser lithography (DiLL) mode. The objective, immersed
in the photoresists and moving downwards, focuses near infrared femtosecond-laser pulses
to polymerize a small voxel volume (magenta) via the absorption of two photons at the
laser focal point. By adjusting printing parameters like laser power, scanning speed, and
the hatching and slicing of the designed geometries, microstructures can be fabricated on
top of glass surfaces. Scanning electron microscopy (SEM) images of domes and pyramid
microstructures printed in DiLL mode with Ormocomp. b) Graphical scheme depicting
the functionalization steps to coat 3D-printed microstructures with lipid bilayers. After
treatment with Argon plasma, Ormocomp structures are treated with APTES to endow
surfaces with positive amine charges (silanization). The electrostatic interaction between
the amine groups and liposomes containing negatively charged lipids induce vesicle bursting
and membrane fusion, yielding the complete coating of 3D surfaces with lipid bilayers.

1.2.2.3 Vesicular systems as minimal cell models

Liposomes, also referred to as vesicles, are spherical membrane model systems consisting of
a lipid bilayer confining an aqueous-filled volume from the exterior aqueous environment.
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Although reports on lipid suspensions date back to the late 19th century, the first liposome
preparations can be attributed to Bangham and colleagues in 1965, when their fluid-filled
nature was fully understood [138].

Liposomes can be classified according to lamellarity (number of lipid bilayers) and size
(Figure 1.4). On the basis of lamellarity, vesicles can be classified as unilamellar if one
single lipid bilayer of 3-5 nm thickness encloses its inner aqueous solution, or as multil-
amellar vesicles (MLV) if they have several bilayers arranged in a multilayer configuration.
Depending on their size, unilamellar vesicles are further sorted into: (1) small unilamellar
vesicles (SUV), which have diameters in the range of 20–100 nm, (2) large unilamellar vesi-
cles (LUV) with diameters between 100 nm and 1 µm, and (3) giant unilamellar vesicles
with diameters of approximately 1–200 µm [139, 98].

C
entrifugal force

Oil phase

w/o emulsion

Outer water phase

GUVs

lipid monolayer

GUV
1 - 200 µm

LUV
100 - 1000 nm

SUV
< 100 nm

MLV

Inverted emulsion transfer method

Figure 1.4. Synthetic membrane model systems: liposomes and the inverted
emulsion method for GUV production. Classification of vesicles according to size
(SUVs, LUVs and GUVs) and lamellarity (single or multilamellar vesicles). One com-
monly used method for the production of GUVs with encapsulated material is the inverted
emulsion transfer. First, a water-in-oil (w/o) emulsion is prepared with an inner aqueous
solution mix comprising the target molecules to be encapsulated and a lipid-containing
oil mix. Centrifugation of this emulsion though a lipid monolayer prepared over an outer
aqueous solution yields the production of GUVs enclosing the molecules of interest.

Different methods have been developed to generate liposomes with specific size, mem-
brane properties, yield, or polydispersity. For instance, while SUVs can be obtained from
the sonication of a suspension of MLVs retrieved from the hydration of a thin lipid film,
LUVs are mainly prepared by extruding the hydrated lipid solution through a polycar-
bonate membrane to rupture the MLVs and induce their assembly into large unilamellar
vesicles. Although MLVs are more stable than unilamellar vesicles, their heterogeneous
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composition and the inaccessibility of biomolecules to their inner bilayers make them un-
suitable models for quantitative biophysical studies. Conversely, since SUVs and LUVs
are robust and well-defined, they are the standard models used in analytical studies (e.g.,
binding assays) to quantitatively measure protein-lipid interactions or curvature effects
[99, 97, 105]. Moreover, they are used in a wide range of diagnostics and therapeutic ap-
plications, particularly as intracellular drug delivery systems [140, 141].

For the field of synthetic biology, however, GUVs with a diameter of 2-20 µm are
the most suitable liposome model system [142]. With sizes close to those of living cells,
these giant vesicles can be used as scaffolds where cellular processes can be reconstituted
both on their surface and within their lumen. The coating and encapsulation of reactive
biomolecules in GUVs thus allow to perform complex reconstitution experiments, protein-
membrane interaction assays, or membrane remodelling studies which, due to the size of
these vesicles, can be investigated using light microscopy techniques [143, 144, 145, 100].
Of particular interest is the production of phase-separated GUVs, in which macroscopic
domain architecture and membrane properties can be effectively analysed [146, 147]. In
addition, since their shape can be manipulated (e.g, via micropipette or capillary aspira-
tion techniques), GUVs are an ideal model for mechanical studies on membrane-shaping
proteins [148, 149].

There are several preparation methods available to produce GUVs. The earliest re-
ported method is the gentle hydration or swelling. In this method, lipids are deposited as
dried films on the surface of a substrate like glass, and the addition of an aqueous solution
induces the slow swelling of the membrane into vesicles [150]. First introduced by Angelova
and Dimitrov, electroformation later emerged as an alternative and much faster method for
producing GUVs [151]. To accelerate the vesicle swelling process, lipid films are deposited
onto two electrodes inside a fluid-filled chamber, and a uniform AC electric field is applied
to assist on their rehydration [99, 152]. Although electroformation is a fast and repro-
ducible method to generate monodisperse GUVs, it requires the use of aqueous solutions
with low or physiologically relevant salt concentrations and lipid mixtures with low charge
content [153, 154, 105]. Most importantly, both electroformation and swelling present ma-
jor drawbacks for the encapsulation of proteins and other biomolecules. While swelling
requires long incubation times and hinders the encapsulation of large macromolecules in-
side the forming vesicles, the salt conditions for electroformation limit the use of protein
buffers and yield a non-homogeneous distribution of proteins inside vesicle [155, 142].

Bypassing past methods’ technical limitations, the inverted emulsion transfer method
has become a powerful approach for producing GUVs with encapsulated biomolecules [156].
This method is typically carried out in two steps. First, a water-in-oil (w/o) emulsion is
created by adding an aqueous phase containing the biomolecules for encapsulation in a
lipid-saturated oil phase, followed by tapping or vortexing the mixture. In this emulsion,
droplets filled with our biomolecules of interest are confined by a lipid monolayer at the
water/oil interface. In a second step, a two-phase system is prepared by carefully pouring
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a lipid-saturated oil layer over an aqueous phase, forming a flat lipid monolayer at the
interface. To generate the vesicles, the initially prepared w/o emulsion is then layered over
the two-phase system and centrifuged. The centrifugal force allows the w/o droplets to
cross through the lipid monolayer at the oil/water interface, resulting in the collection of
unilamellar vesicles in the lower aqueous phase [157, 155, 158].

For bottom-up reconstitution purposes, the inverted emulsion method presents many
advantages. Not only it is a very simple method that requires no specialized equipment,
but it also enables the high-throughput generation of unilamellar vesicles with customiz-
able characteristics. More precisely, GUVs with lipid bilayer asymmetry can be produced
and large macrocomplexes can be encapsulated in their lumen with high efficiency [157].
However, the generation of vesicles with a wide size distribution and the contamination
with remnants of oil at the membrane are disadvantages that have motivated others to
improve this method with microfluidic-based techniques [155, 142, 159, 160]. In particu-
lar, microfluidic jetting and continuous droplet interface crossing encapsulation (cDICE)
have drawn the attention of the synthetic biology field, as they enable precise control of
vesicle size, membrane properties, and unilamellarity [161, 162, 163]. However, the need
for specialized microfluidic equipment and expertise, together with the long preparation
process these experimental setups require, make these methods a technical challenge for
many research groups, which often opt for more straightforward methods [157, 158].

In conclusion, giant vesicles are an essential biomimetic membrane system for synthetic
biology. At present, GUVs constitute the minimal cell model of the field and the scaffold
in which cellular processes can be studied. Notably, from the reconstitution of complex
biochemical reactions within their lumen, we are gaining tremendous knowledge about cy-
toskeletal, membrane-remodelling, and division proteins, which ultimately can be used in
the construction of artificial cells with protein-based functional modules.

Hence, based on the above considerations, this thesis will use GUVs as minimal cell
models. More specifically, these giant vesicles will allow to confine the synthetic building
blocks of several functional modules into a well-defined compartment and analyse their
dynamics and interplay for further biochemical characterization.

1.3 A synthetic division module for minimal cells
Omnis cellula e cellula, the Latin epigram coined by François-Vincent Raspail, formulates
one of the fundamental tenets of cell biology [164]. Cells, the elemental units of life, divide
to conquer. Cellular replication is therefore one of the hallmarks of life.

Due to genetic redundancy, division is a highly conserved and robust cellular process.
In both prokaryotic and eukaryotic cells, it is tightly regulated and carried out by mul-
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tiprotein machineries with varying mechanistic principles. While rod-shape bacteria like
Escherichia coli (E.coli) employ more than 30 proteins for the regulation and assembly of
its divisome, eukaryotic cells possess more complex division machineries with up to 130
genes required for cytokinesis [165, 166]. To achieve division, the first step a cell must un-
dergo is growth. It needs to duplicate its genome and synthesize all the biological material
intended to be distributed to the daughter cells. Following genome segregation, the mem-
brane undergoes deformation and abscission. Symmetric or asymmetric division thus yield
cells with equal genetic and cytosolic content or different molecular composition relative
to the mother cell, respectively [167].

As a key function and prerequisite for life, self-division is one of the many essential
functionalities that an artificial cell must possess to sustain its identity over several gen-
erations. Consequently, recapitulating division through the assembly of a set of defined
modules has become one of the major goals in synthetic biology. To this end, several
approaches have been devised to divide cell-like biomimetic models such as GUVs: (i) me-
chanical, based on physical stimuli generated by surface tension or other external forces,
and (ii) chemical, which rely on triggered molecular reactions [168]. Remarkably, many
of these strategies have already shown the successful division of liposomes. For instance,
osmotic differences between the interior and exterior of phase-separated GUVs can lead
to their division into two daughter cells with uniquely different membrane compositions
[169]. Moreover, approaches aimed at altering membrane curvature successfully exploited
temperature, pH, nanoparticles, or light irradiation to trigger changes in surface area and
spontaneous curvature, ultimately leading to division of liposomes [170, 171, 172, 173].

However, these approaches preclude meeting one of the key requirements for the con-
struction of a self-sustaining artificial cell: division should not depend on external me-
chanical or chemical actuated triggers; active cell division should be the resulting outcome
of a concert of well-orchestrated coupled reactions within synthetic cells [20, 168]. Thus,
to achieve this goal, a promising alternative to synthetic division is to mimic the strate-
gies utilized by prokaryotic, eukaryotic, or archaeal cells, and assemble a protein-based
divisome. In this approach, proteins would be the main responsible for generating the me-
chanical forces and membrane curvatures required to complete GUV scission and ensure
the continuity of our artificial cells.

Two main mechanisms of cellular division are currently being recapitulated in vitro for
their potential use in synthetic cells. On the one hand, the prokaryotic approach utilizes the
bacterial E.coli division machinery to build the Z-ring, a mid-cell macromolecular structure
primarily assembled by the protein FtsZ [174, 175]. This tubulin homolog, responsible for
the scaffolding of the Z-ring on the inner bacterial membrane, polymerizes and recruits
proteins such as FtsA, ZipA, and the Zap proteins for the maturation of the divisome and
the initiation of the division process [176]. Although the precise mechanistic details of
bacterial division remain obscure, current hypotheses point at the cooperative action of
these proteins and the cell wall synthesis at the septum as responsible for generating the
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constriction forces in bacterial division [177, 178]. For additional insights into the in vivo
bacterial division machinery, see section 1.4.2.

Nevertheless, the efforts to build a prokaryotic-based synthetic divisome have yielded
significant advancements. While Erickson managed to reconstitute a FtsZ-FtsA ring capa-
ble of vesicle division [179], Kohyama and colleagues achieved the complete in vitro recon-
stitution of the bacterial divisome using five proteins [143]. However, employing FtsZ as
the main contractile element for the assembly of a division ring presents several drawbacks.
Firstly, it is still under investigation whether FtsZ can generate the contractile forces neces-
sary for vesicle abscission [180, 177]. Secondly, besides the scrutiny on its force-generating
capabilities, the size scale of the FtsZ ring and its curvature may be incompatible with the
complete abscission of giant vesicles [181, 182]. Finally, Erickson reported a division suc-
cess rate of only 1.3%—far from obtaining a reliable mechanism for synthetic division [179].

On the other hand, an alternative strategy involves the assembly of a eukaryotic-
inspired synthetic division machinery [183]. More precisely, in this approach the main
aim is either the assembly of a cortical network or the engineering of a contractile cy-
tokinetic ring, both mainly composed of actin and myosin. Although eukaryotic division
is a highly complex and tightly regulated process encompassing many proteins [166], the
goal is to recreate it with a minimal set of proteins which can recapitulate a simplified
mechanism of constriction. Thus, an actin-based synthetic division machinery represents
a promising alternative for the challenge at hand: build a division module that enables the
self-replication of membrane-enclosed artificial cells.

1.3.1 The actin cytoskeleton and its modulating proteins
The cytoskeleton of animal cells is a highly dynamic scaffolding structure located beneath
the plasma membrane which undergoes fast and coordinated remodelling to endow the cells
with functions like motility, shape deformation, polarization, adhesion, and division. Com-
posed of intermediate filaments, microtubules and actin filaments, the latter are the main
cytoskeletal component responsible for the assembly of this filamentous network through
interactions with many cortical proteins [184, 185, 186].

Highly conserved throughout all kingdoms of life and present in all eukaryotes, actin
is one of the most abundant proteins on Earth. In particular, the eukaryotic actin protein
consists of 375 amino acids (∼42 kDa) that fold into a flat, three-dimensional conformation
with a deep medial cleft [187, 188]. In species like humans, several genes encode for different
actin isoforms which exhibit high sequence similarity but present compartment- and tissue-
specific functions and localizations. Four isoforms are expressed in striated and smooth
muscle (αskeletal-actin, αcardiac-actin, αsmooth-actin, and γsmooth-actin), while two isoforms
are ubiquitously expressed in the cytoplasm (βcyto-actin and γcyto-actin) [189, 190]. This
functional versatility and robustness arise from the tendency of actin monomers (g-actin)
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to self-assemble into semi-flexible thin filaments (f-actin) by the binding of ATP molecules
to their medial cleft in the presence of divalent cations (Mg2+ or Ca2+) [191, 187]. The
resulting actin filament can be described as a two-stranded right-handed polar helix with
differing monomer association/disassociation rates at each end; more specifically, net ad-
dition of monomers occurs at the barbed (+) end and net loss at the pointed (−) end,
a process known as treadmilling [192, 188]. To regulate the assembly and disassembly
of actin filaments, cells rely on a plethora of actin-binding proteins (ABP) (Figure 1.5a).
These proteins regulate both monomeric and filamentous actin by promoting nucleotide
exchange, phosphate disassociation, or filament disassembly. Among their functions, some
maintain the pool of available actin monomers (e.g., profilin), nucleate the formation of
new filaments (Arp2/3 complex, formins), promote elongation (formins, Ena/VASP) or
sever filaments (cofilin, gelsolin), cap filament ends to terminate elongation (capping pro-
tein) or crosslink filaments into bundles (fimbrin, fascin, α-actinin) as well as disordered
networks (filamin). Additionally, some anchor filaments to the plasma membrane (ezrin-
radixin-moesin protein family, talin), or generate cortical tension via contractility through
motor domains (myosins) [186, 188, 193].

The myosin superfamily of motor proteins comprises cytoskeletal molecular motors in-
volved in short-range transport along actin filaments via ATPase activity [194, 195]. First
identified in muscle, the class II myosin genes encode a hexameric protein (∼550 kDa) con-
sisting of two heavy chains (MHC-II), two essential light chains (ELCs), and two regulatory
light chains (RLCs) (Figure 1.5b) [196, 197, 198]. While the N-terminal motor domains of
each MHC-II harbor the actin and ATP binding sites for the generation of force through
chemical energy, the organization of the myosin monomer relies on the association of the
two MHC-II into an α-helical coiled-coil. The interactions between these coiled-coils ulti-
mately lead to the formation of small bipolar filaments, also known as “mini-filaments”,
consisting of approximately ∼28 myosin monomers [199, 198]. In muscle cells, the asso-
ciation of these bipolar filaments with f-actin through their motor domain in sarcomeric
configuration generates tension and contractile force via the sliding filament mechanism
(Figure 1.5c) [200]. However, in non-muscle cells, the mechanisms of contraction respon-
sible for cellular functions such as cytokinesis are far more complex (Figure 1.5d) [201, 195].

1.3.2 The actomyosin contractile ring in eukaryotic cytokinesis
As the cell enters mitosis, the actin cytoskeleton undergoes major morphological changes.
Although different cell types across kingdoms employ particular strategies for their self-
division, the cytoskeleton is a crucial structure for organisms like animals, fungi, and
amoeba, which rely on an actomyosin-based cytokinetic contractile machinery comprised
of more than 100 proteins [202, 203, 204]. While model organisms such as Dictyostelium
and Caenorhabditis elegans (C.elegans) divide through a dispersed actin meshwork, yeast
and animal cells assemble a discrete ring made of randomly oriented actin filaments and
myosin (Figure 1.6a) [205, 206]. For cytokinesis to effectively progress, these organisms
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Figure 1.5. Overview of actin and its interaction with ABPs. a) Actin bind-
ing proteins (ABPs) can be classified in seven groups based on their cellular function.
b) Schematic illustration of the non-muscle myosin II (NM II) domain structure. This
hexameric protein consists of two heavy chains (dark and light grey), which contain the
actin and ATP binding sites at their N-terminal motor domains, two essential light chains
(ELC, orange), as well as two regulatory light chains (RLC, green). Upon RLC phospho-
rylation, myosin monomers assemble into bipolar “mini-filaments”. c) Interaction between
actin and myosin motor domains. The motion of myosin II towards the f-actin barbed
end via the ATP-mediated swinging of its motor domain results in the contraction of sar-
comeres in a mechanism known as the sliding-filament theory. d) Based on the polarity
of actin filaments, the interaction between myosin II and f-actin may result in contraction
or extension of the overlapping assembly (left panel). In non-sarcomeric and disordered
actomyosin bundles, myosin II generates compressive and tensile stresses. Depending on
the localization of crosslinkers with respect to myosin II and f-actin, these internal stresses
induce the buckling and severing of f-actin, yielding bundle shortening (right panel).
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follow several steps: (i) division site specification, (ii) actomyosin ring assembly at the
cleavage furrow, (iii) ring constriction, (iv) ring disassembly and membrane scission (Fig-
ure 1.6b) [205].

In animal cells, the mitotic spindle is the main source of positional information for cleav-
age furrow formation, as well as the responsible machinery for contractile ring assembly
and activation, since it determines the accumulation site of its two master regulators, the
chromosomal passenger complex and the centralspindlin complex [207, 208]. Indeed, these
two mitotic complexes are responsible for the recruitment and activation of critical down-
stream signalling proteins at a position midway between spindle poles. The main actuator
in this signalling cascade is RhoA, a small GTPase protein of the Ras superfamily. The ac-
tivation and accumulation of RhoA at an equatorial cortical zone by the spindle trigger the
assembly of the contractile ring and determine the future cleavage site [209, 210, 208]. To
assemble the ring, RhoA-GTP activates formins, which initiate new actin polymerization
by nucleating f-actin at the cortical site, as well as anchor filaments at their barbed ends
to the plasma membrane [211, 212]. In addition, RhoA-GTP indirectly activates myosin
II via the phosphorylation of its RLCs, thereby triggering their assembly into bipolar fila-
ments and allowing their interaction with actin filaments [213, 199]. The alignment of actin
filaments of both polarities and their interdigitation with myosin II bipolar filaments result
in a ring-like structure which is scaffolded and associated with the membrane by septin
filaments after their recruitment by anillin, an actin crosslinker [214, 215, 216]. However,
what is the precise macromolecular organization of the cytokinetic proteins comprising the
contractile ring is one of the major questions which the field has not yet managed to resolve
[217, 203]. Moreover, the wide variety of cytokinetic mechanisms observed in eukaryotic
cells adds an additional layer of complexity to this question.

For instance, in the fission yeast Schizosaccharomyces pombe (S. pombe) the contractile
ring arises from protein-clustered nodes around the cleavage furrow which anchor both
formins and myosin heads projecting away from the membrane [218, 219]. When the
formin-nucleated actin filaments bind to the myosins head from adjacent nodes, the myosin
filaments presumably pull f-actin away in a disordered manner buckling the filaments and
creating tension all around the ring cross section via a search, capture, and pull mecha-
nism [220]. Consequently, nodes would reduce their interdistance, eventually yielding the
condensation of these punctate structures [221]. Moreover, 2D and 3D simulation models
show that rapid turnover of proteins and the disassembly of nodes at the ring are required
to continue the constriction process [203].

Conversely, initial observations of the contractile ring in animal cells led to hypothe-
ses suggesting a sarcomeric organization of the actomyosin filaments and a sliding filament
mechanism for tension generation [224]. However, after electron microscopy images showed
no discernible sarcomere-like structure of actomyosin filaments, further studies discarded
this model and focused on analysing in detail the three-dimensional architecture of the
ring [225, 226]. Using a combination of high-resolution and super-resolution light mi-
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Figure 1.6. Cytokinesis in animal cells. a) Confocal imaging of sea urchin embryos
immunofluorescently (IMF) stained for myosin II (P-Myo) depicting early, mid, and late-
stage contractile rings (top panel). Wide-field imaging of immunofluorescently labelled
cleavage cortices (actin in magenta and RhoA in blue). Phase contrast image is on the
left (bottom panel). Scales bars are 10 µm. Top panel images adapted and reprinted
from [222] under a CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).
Bottom panel images adapted and reprinted from [223] under a CC BY-NC-SA 3.0 license
(http://creativecommons.org/licenses/by-nc-sa/3.0). b) Schematic of the animal cytokine-
sis process. First, RhoA activation triggers the assembly and localization of the actomyosin
contractile ring at mid-cell. Subsequently, circumferential constriction of the ring leads to
the symmetric deformation of the cell, culminating with the formation of the midbody ring
and the abscission of the membrane into two daughter cells.
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croscopy techniques, experiments performed on dividing HeLa cells showed the formation
of a higher-order myosin assembly where filaments organized in stacks localized at the
cleavage furrow—a possible contractile unit comprising the cytokinetic ring of these cells
[227]. In parallel, Henson and colleagues utilized super-resolution light microscopy and
platinum replica transmission electron microscopy (TEM) on dividing sea urchin embryos
and reported two important observations [223]. Firstly, in the early stages of division,
regularly spaced myosin clusters, reminiscent of fission yeast nodes, localized at the fur-
row band. As division progresses, however, myosin II bipolar filaments align end-to-end
forming tight bundle-like bands. In addition, they described the presence of a thick mat of
anisotropic, unbranched actin filaments oriented parallel to the plane of division. Based on
these observations, the authors hypothesized that the interaction of these myosin bundles
with actin can generate the contractile tension required for ring constriction via a slid-
ing filament-based purse-string mechanism [228, 229]. Nonetheless, although these studies
shed light on the architecture and contractile mechanism of the ring in animal cells, many
others have reported on the presence of proteins such as α-actinin, F-BAR proteins, fim-
brin, tropomyosin, etc., accumulating at the cleavage furrow via undetermined mechanisms
[230, 231]. Their role and whether they are essential, however, is still unknown.

Once the magnitude of the strain rate increases due to myosin-induced constriction,
the ring begins to shorten and decreases dramatically in diameter. To achieve constriction,
some studies and models point at the fast turn over of the molecules at the furrow and
the disassociation/association of components that continuously self-assemble into the ring
structure [232, 203, 214, 231]. For many, this depolymerization of crosslinked f-actin is
not only required for the remodelling of the ring shape but also for driving constriction,
as this mechanism might also generate additional tension [233, 234]. Eventually, as the
actomyosin ring closes, the spindle midzone undergoes remodelling and maturation, and to
organize the intracellular bridge between the two daughter cells the midbody forms. The
contractile ring transitions into a midbody ring, with anillin and septin becoming essential
proteins to anchor this ring to the plasma membrane and prevent cytokinesis failure [235].
Finally, for the final abscission step, the membrane-associated ESCRT-III complex and
the ATPase Vps4 play significant roles in separating the two daughter cells thanks to the
contractile spiral structures assembled by ESCRT-III which catalyse the scission of the
membrane [236, 237, 206].

1.3.3 Reconstitution of the eukaryotic division machinery in vitro
The in vitro reconstitution of macromolecular actin architectures inside giant vesicles has a
long history of successful examples in the cytoskeletal field [238, 239, 240, 241]. More than
three decades ago, the poor understanding of the interactions between actin, its ABPs, and
the membrane propelled a series of elegant experiments on both the external surface and
inside of vesicles, aiming to describe the molecular mechanisms and mechanical properties
of the meshwork emerging from these interactions [242, 243]. Although Limozin and Sack-
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mann, together with Honda et al., showed that encapsulation of actin filaments and bundles
inside the lumen of vesicles was possible via the electroformation and swelling method, re-
spectively [244, 245], anchoring and assembling a minimal actin cortex on the inner leaflet
of GUVs turned out to be a more complex feat [246]. However, with the development
of inverted emulsion methods, the reconstitution of a wide range of membrane-associated
cytoskeletal structures, such as networks and bundles, became possible and membrane pro-
trusions, blebs, and inward deformations were recapitulated [247, 248, 249, 250].

Many of the advanced cytoskeletal reconstitutions from recent years stem from the syn-
thetic biology field, especially from those working on the assembly of a eukaryotic-inspired
cytokinetic module. As described at the beginning of section 1.3, work towards this ma-
jor goal encompasses the in vitro reconstitution of actin-based contractile machineries to
develop an optimized mechanism for autonomous division of GUVs. The efforts to achieve
a cytokinetic division module can be classified into two distinct routes based on the actin
architectures they rely on to achieve contraction [183].

On the one hand, the naturalistic route follows a cell-inspired strategy and aims at
achieving division with a contractile cortex-like network anchored to the vesicle mem-
brane. This cortex, composed mainly of disordered actin filaments and myosin motors,
would self-assemble and remodel at the GUV equator, constricting the membrane through
myosin-induced filament buckling and protein turnover [251]. For those working on this
route, many key aspects concerning the composition, spatial organization, and dynam-
ics of this actin network have to be finely tuned to achieve this goal. For instance, for
the anchoring of the cortex to the membrane, several strategies employing biotinylated
lipids with biotin-actin, nickelated lipids with His-tagged proteins, or PIP2-N-WASP links
have shown successful binding of actin cortices to the membrane [252, 253, 254, 241, 255].
However, as described by Carvalho et al., the weak or strong attachment of these cor-
tices affects the morphology of network contraction inside liposomes [253]. Strong binding
to the membrane is therefore needed since inward contraction and detachment from the
bilayer occur when anchoring is too weak. In addition, their observations highlight the
important role of protein nucleators (e.g., Arp2/3 complex), crosslinkers (fascin, anillin),
and other ABPs for cortex reconstitution. Indeed, together with membrane anchoring,
the network connectivity has a direct effect on the degree of cortex remodelling and the
shape deformations it can induce on membranes [256, 249, 247]. Thus, an optimal ratio of
[actin]:[motors]:[anchor]:[crosslinker] will be required to allow the generation of an active
interconnected network, prevent rupture or dissociation of the actin shell, and achieve an
efficient transmission of cortical stress by myosin at the vesicle midbody [257, 253, 250].
Nonetheless, the resulting actomyosin network could function not only as a contractile
module, but also as a mechanoprotective and shape-changing scaffolding apparatus to con-
fer synthetic cell with many other functions [183].

On the other hand, the engineering route aims at the generation of an isolated contrac-
tile ring bound to the membrane for the constriction and division of synthetic cells (Figure
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1.7). Although challenging, building actin-based rings employing ABPs dates back to the
late 1990s, when Honda et al. showed that crosslinkers like fascin or filamin can form
actin bundles and render a ring configuration inside liposomes [245]. Contrary to other
strategies where macromolecular crowders and cations are utilized to induce network and
ring formation [258], recent approaches focus on using actin crosslinkers or combinations
of them to study their interplay and optimize ring assembly and dynamics [248, 259, 142].
In this regard, the arrangement and orientation of actin filaments within the ring, as well
as bundle bending stiffness, are key aspects worthy of consideration [260]. The current use
of myosin as motor protein to endow the rings with contractile power requires careful de-
sign of the ring’s macromolecular composition and bundle architecture due to the varying
responses different actomyosin structures have to myosin-induced forces [261, 262, 263].
Thus, to promote a controlled but full contraction of actomyosin rings, the biochemical
composition and spatial organization of f-actin are crucial parameters.

Encapsulation

3 4

Contraction

5

Furrowing

Self-division

Positioning
at mid-cell

Ring formation

Figure 1.7. The engineering route for actomyosin-driven synthetic division
of artificial cell. Schematic representation of the steps required to achieve a eukaryotic-
based synthetic division of minimal cells. After encapsulation of proteins like actin, myosin,
membrane linkers, bundlers, etc., a membrane-bound ring needs to assemble inside the
vesicle. After localization of the ring at mid-cell, equatorial contraction of the ring by
motor proteins leads to the furrowing and deformation of the membrane until division
occurs. 3D projection image of a confocal microscopy stack depicting the formation of
actin rings (fascin as actin bundler) inside vesicles employing the inverted emulsion transfer
method for GUV production. Scale bar is 50 µm.

Remarkably, the reconstitution of contractile actomyosin rings has reached important
milestones in the last 10 years. In their seminal work, Miyazaki and colleagues first showed
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in water-in-oil droplets that cell-size spherical confinement facilitates the spontaneous for-
mation of ring-shaped actin bundles [264]. More precisely, droplets with a radius equal to
or smaller than the persistence length of f-actin enabled actin filaments to behave like elas-
tic rods, thereby inducing the bundling of filaments into a ring-like structure at the inner
periphery to minimize their bending energy [265, 266]. Besides confinement, the addition
of myosin also promoted ring formation by the remodelling of the filamentous network.
However, upon incorporation of an effective myosin concentration, this motor disorganized
the ring and full contraction into a luminal actomyosin cluster occurred before ring disas-
sembly. Interestingly, under these conditions, actin disassembly or depolymerization was
not required to reach full contraction of the rings; the volume of the rings remained con-
stant and their width increased as contraction progressed.

More recently, significant advances in the encapsulation of contractile rings inside vesi-
cles have brought the field one step closer towards synthetic division. Litschel et al. em-
ployed a modified cDICE method to encapsulate actin with many different actin crosslinkers
like fascin, α-actinin, talin, and vinculin [267]. Interestingly, rings anchored via biotin-
neutravidin bonds, and formed by actin bundled with talin and vinculin, contracted when
myosin was included in the inner encapsulation mix. The progressive myosin-induced con-
traction led to transient membrane deformations and the generation of fully contracted
actomyosin clusters on the sides of vesicles. Similarly, by fine-tuning the stoichiometry of
active and passive actin crosslinkers, Bashirzadeh and colleagues captured the time evolu-
tion of actomyosin ring formation and membrane contraction at the ring locus, providing
valuable insights into ring assembly and the crosslinker effect on bundle contraction [263].

Moreover, studies performed with septins and anillin in bulk showed the potential
these two crosslinker proteins hold for the in vitro reconstitution of contractile actin rings
[268, 269]. Albeit encapsulation experiments are still needed, bulk volume assays already
demonstrated that these two crosslinkers promote actin ring formation. In the case of
anillin, however, a much more dramatic effect was observed. As Kučera and co-workers
reported, this passive crosslinker not only formed anillo-actin rings in solution, but also
generated contractile forces of entropic origin which yielded the myosin-independent con-
striction of these rings [269], suggesting that other non-myosin based contractile strategies
could also be employed for synthetic division.

Nevertheless, for both strategies (naturalistic and ring-based) to succeed, there is an
aspect of self-division that is imperative to address: the controlled symmetry breaking
between the poles and the furrow [183, 255]. For a contractile actomyosin cortex or ring
to yield two symmetric synthetic cells, tensile stresses must be targeted at the cleavage
furrow. In the case of a cell-spanning cortex, to prevent detachment/peeling of the mesh-
work from the membrane and its accumulation at the poles [253], actomyosin flows need
to align the actin filaments parallel to the division plane, forming a contractile band at the
equator while furrowing takes place. Similarly, for the controlled contraction of isolated
rings at mid-vesicle, a mechanism must be devised to localize the ring as it contracts to
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avoid slippage and clustering on the sides of the vesicle [267]. As previously mentioned
(see section 1.3.2), a highly complex machinery involving the mitotic spindle is responsi-
ble for the spatiotemporal regulation of the assembly and contraction of the cytokinetic
ring. At present, in vitro reconstitution of this machinery is beyond our technical ca-
pabilities; it would require the encapsulation of many proteins and the recapitulation of
reactions which need to unfold in a timely manner. Therefore, many strategies have been
proposed to provide synthetic cells with a positional module for actomyosin-based contrac-
tion: mechanical confinement with microfluidic traps, local light activation of latent myosin
II with blebbistatin, curvature-inducing or sensing molecules, external biochemical cues,
etc. [270, 271, 272, 273, 274]. Conversely, the reconstitution of a simpler self-organized
protein mechanism endowing synthetic cells with the capability of spatiotemporally regu-
lating molecules constitutes a promising approach. The autonomy and self-sufficiency of
the minimal cells would be assured, and the joint assembly of discrete protein machineries
would compel their optimization into synergic modules.

1.4 Spatiotemporal organization of molecules via pro-
tein patterns

Many of the macromolecular structures introduced in previous sections (e.g., the mitotic
spindle or the actomyosin cytoskeleton) share some common characteristics: they robustly
perform their functions, adapt, and present a dynamic yet stable configuration. The rea-
son cells are capable of building such complex and optimized structures stems from a
fundamental hallmark of biological systems: self-organization. As one of the core building
principles within cells, self-organization demonstrates the power of molecular interactions.
Indeed, self-organization arises from the interplay of lower-order system components such
as attraction, repulsion, and positive/negative feedbacks. These nonlinear interactions,
which require the supply of an energy source like ATP or GTP, organize the molecules in
higher degrees of complexity and, as a result of their collective behaviour in steady state,
emergent properties and functions which cannot be directly predicted from their individual
properties arise [275, 276]. Thus, as open systems far from thermodynamic equilibrium,
cells are able to generate order from an initial homogeneous state via the dissipation of
energy. Although energy dependency is a limiting factor for the endurance of self-organized
structures, the emergence of an overall order in time and space endows cells with features
such as the spontaneous formation of patterns, bi-stable switches, and the non-linear cou-
pling of reactions [277, 278].

1.4.1 Self-organized reaction-diffusion systems
The formation of patterns as a spatiotemporal organization strategy has long fascinated
cell and developmental biologists. Present across all biological length scales, patterns con-
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stitute an organizational property observed in a plethora of fascinating phenomena like the
collective behaviour of organisms or the pigmented shapes and forms in animal fur and skin
[279]. Despite the complexity of biomolecular networks and their interacting subunits, sev-
eral simple mathematical models have been proposed to describe the mechanisms by which
self-organized patterns emerge in living systems. One particular work instrumental to our
understanding of pattern formation is The chemical basis of morphogenesis by Alan Turing
[280]. In 1952, this mathematician described spatiotemporal patterns using a simple sys-
tem composed of two interacting substances which can diffuse in space and present different
diffusion rates. Initially, the system is at equilibrium, with a near-uniform concentration
distribution of its components. However, random disturbances trigger diffusion-driven in-
stabilities, leading to pattern formation. Thus, in this reaction-diffusion model, the onset
of pattern formation is unstable steady states (termed Turing instabilities), which emerge
solely from the interplay between the chemical reactions of the interacting species and
their lateral molecular diffusion [281, 282]. Varying the diffusion and reaction parameters
of the formalized mathematical model gives rise to periodic patterns which in one and
two dimensions take the form of traveling waves or stationary structures including stripes,
spots, hexagons, labyrinths, etc.—which remarkably respond to small disturbances and
self-regenerate [283, 284, 285].

Turing’s reaction-diffusion model, especially his concept of instabilities, has been para-
mount in describing both chemical and biological pattern-forming systems. For instance, in
chemistry, Turing’s model accurately predicts and captures most of the qualitative features
of the patterns formed in a chemical oscillating reaction termed the Belousov-Zhabotinsky
reaction [286, 287]. Similarly, the general principles underpinning Turing’s model, and its
particular cases like the Gierer-Meinhardt system, have been applied to align these theoret-
ical models to biological phenomena [288, 289]. Indeed, as Turing predicted, steady-state
patterns can also underlie self-organization processes in living cells. Computer simulations
of Turing’s model recapitulated the expression patterns of signalling molecules involved in
vertebrate digit patterning and other tissue-organization processes for limb development
[290, 291], as well as calcium fluxes mediating the excitation-contraction coupling in car-
diac cells [292].

Importantly, reaction-diffusion pattern formation accounts for the spatiotemporal reg-
ulation of many fundamental cellular processes. More precisely, in eukaryotic and prokary-
otic cells, nanometre-scale protein machineries consume energy to interact,—i.e., self-
organize—via reaction-diffusion mechanisms, resulting in protein patterns which play vital
roles in the regulation of intracellular processes [293, 282]. For instance, polarity sorting in
budding yeast Saccharomyces cerevisiae is spatially coordinated by the reaction-diffusion
Cdc42 system [294]. Through a series of interconnected regulatory feedback loops and the
different diffusion rates of its constituents, the Cdc42 system induces spontaneous sym-
metry breaking and bud formation, thereby enabling the asymmetric division of the cell
[295, 296].
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1.4.2 The reaction-diffusion MinDE protein system
In E.coli bacteria, correct placement of the divisome machinery at the cell’s centre is es-
sential to ensure symmetric division into two identical daughter cells, each containing a
complete copy of the replicated chromosome. As previously described (see section 1.3), the
Z-ring is a macromolecular structure scaffolded by the FtsZ protein, which recruits the rest
of the required constituents to form the septum and initiate cell division. The spatiotemp-
oral localization of the divisome machinery is mediated by one positive (TER linkage) and
two negative regulatory systems. The two inhibitory machineries that direct the assembly
of this ring to the mid-cell region are the nucleoid occlusion and the MinCDE system.
While the nucleoid occlusion prevents contraction of the Z-ring over the unsegregated nu-
cleoid, the MinCDE system precludes ring formation at the cell poles [297, 298, 299].

The mechanism by which the MinCDE system reliably achieves spatiotemporal regula-
tion of the Z-ring is one of the most striking examples of self-organized pattern formation.
To understand how this system self-organizes into patterns, one must take a careful look
at the molecular basis of its mechanism—i.e., the properties and dynamics of its protein
interactions. First identified by the mutation of the genetic locus minB, which yielded
anucleated minicells via asymmetric division [300, 301], de Boear and colleagues later elu-
cidated and described the proteins encoded in this system: MinD, its cognate activating
protein MinE, and the ultimate effector of the system MinC [302, 303].

MinD is an ATPase from the P-loop NTPases superfamily [304]. Composed of 270
amino acids, this protein contains four main motifs [305, 306]. The Walker A or P-loop
motif, together with the Walker B or switch II region, binds the ATP molecule and complex
the Mg2+ ion, enabling dimerization. The switch I region mediates the binding and activa-
tion of MinC in conjunction with the switch II residues. Finally, the membrane targeting
sequence (MTS), an amphipathic helix at its C-terminal, presents weak membrane affin-
ity when the protein is at its monomeric form, but effectively enables membrane binding
when several MTS motifs are in close proximity [307, 308]. As a result, the binding of the
nucleotide to MinD acts as a switch for both its oligomerization and localization (Figure
1.8a). While the ATP-bound state induces the dimerization and binding of the protein to
the membrane, in the ADP-bound state the protein is at monomeric and soluble form at
the cytoplasm [305, 309]. MinD membrane binding is a highly cooperative process. As
addressed in experimental studies and simulations, local increase in MinD density on the
membrane augments its residence time and recruits further protein from the cytoplasm
[310, 311, 312]. However, for membrane detachment, MinD needs to interact with the
second key player of the system, MinE. Indeed, MinD has an intrinsically low ATPase
activity, which translates into an inefficient ATP hydrolysis and subsequent detachment
from the membrane. Therefore, once MinE triggers its enzymatic activity, MinD is able to
return to its monomeric and soluble form [313].
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Figure 1.8. The reaction-diffusion MinCDE system in E.coli. a) Scheme depicting
the molecular mechanism behind MinDE oscillations on a lipid bilayer. b) Graphical
representation of the Min pole-to-pole oscillations in vivo (top panel) and fluorescence
images of an E.coli cell expressing sfGFP-MinD over time (bottom panel). Time-average
intensity and standard deviation show the formation of two polar zones with high MinD
density. Images adapted with permission from [314], Copyright Springer Nature (2015).
The MinC time-averaged concentration at the poles allows Z-ring formation only at the
centre of the cell (right panel).

As the ATPase-activating protein of MinD, MinE is a small protein of 88 amino acids
comprising two main functional domains. On the one side, the anti-MinCD domain at the
N-terminal presents two motifs: an MTS composed of an amphipathic helix which enables
its interaction with the membrane and inserts into the lipid bilayer, and a MinD contact
helix crucial for the formation of the MinD-MinE complex and the stimulation of MinD
ATPase activity [315]. On the other side, the topological specificity domain mediates the
formation of MinE homodimers and is also required to fully stimulate the ATPase activity
of MinD [316, 305]. Importantly, MinE has two distinct conformational states. In the
closed state, the MTS motif of the MinE dimer is concealed in its hydrophobic core, which
supports the free diffusion of the protein in the cytoplasm. When MinE encounters an
ATP-bound MinD on the membrane, the MinE dimer adopts an open conformation that
exposes the MTS and its contact helix, enabling its interaction with the MinD dimer [317].
Although this results in an asymmetric MinD-MinE complex (MinE is bound to only one
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of the MinD subunits), it triggers hydrolysis of both ATP molecules in the MinD dimer,
most likely due to a MinE-induced conformational change [318]. The localization of MinE
after MinD detachment from the membrane remains obscure. While some studies showed
a potential persistence binding of MinE to the membrane, the possible mechanisms by
which MinE dimers interact with others membrane-bound MinD molecules or switches to
its latent/closed state are still under debate [319, 305].

The third and final component of the system is MinC, the effector element. While
it does not participate in the pattern formation mechanism, this protein is key to pre-
vent aberrant septum formation. MinC contains two domains which bestow the protein
with FtsZ inhibitory activity, preventing FtsZ from polymerizing and forming the Z-ring
[320, 321]. In its dimeric form, MinC binds to ATP-bound MinD at the membrane [322].
However, since the surface region where MinC binds MinD overlaps with MinE’s binding
site, competition for complex formation at the same binding site results in MinE displacing
MinC from membrane-bound MinD [323].

With the molecular intricacies and interactions already described, how does exactly the
MinCDE system achieve Z-ring positioning at mid-cell? The answer lies in a fascinating
protein oscillation from one pole of the cell to the other, resulting in a time-averaged con-
centration gradient of MinD-MinC localized only on both sides of the cell (Figure 1.8b)
[303]. With the centre free from MinC-mediated FtsZ inhibitory activity, the Z-ring forms
at the equator and symmetric division takes place [320, 324]. These rapid oscillations at
the membrane, akin to an intracellular tennis match, are orchestrated by MinD and MinE.
While MinC effectively functions as a passive passenger being carried by the oscillations,
this dynamic protein pattern emerges solely from the self-organization of MinD and MinE
via a reaction-diffusion mechanism at the membrane.

To initiate one oscillation cycle at a cell pole, MinD first binds ATP, which causes its
dimerization and attachment to the membrane. MinD’s cooperative binding then recruits
more protein at the bilayer, leading to a reduction in their lateral diffusion and promoting
high-order inter-dimer interactions [310, 309, 311]. Once membrane-bound, MinC asso-
ciates with MinD in a 1:1 ratio [325]. Concurrently, homodimeric MinE remains in its
latent, close state in solution until it senses a MinD dimer at the membrane, which triggers
its conformational switch into a reactive state. The open conformation of MinE exposes
the MTS and MinD contact helix, leading to its binding to MinD. If the MinD dimer is
complexed with MinC, MinE promotes MinC detachment and displaces the protein into
the cytoplasm [326]. In the MinD-MinE complex, MinE then stimulates MinD’s ATPase
activity, causing nucleotide hydrolysis on both subunits. Consequently, with MinD in its
ADP-bound form, MinD monomerization and membrane-detachment follows [318]. Al-
though the subsequent interaction and residence time of MinE at the membrane is still
under scrutiny, it is however clear that MinD undergoes nucleotide exchange in the cyto-
plasm to restore its membrane-bound state and establishes a concentration gradient across
the cell [282, 305]. The diffusion of MinD and its accumulation at the opposite pole subse-
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quently re-starts the cycle, establishing a robust pole-to-pole protein oscillation inside the
cell. This self-organized pattern, arising from a reaction-diffusion mechanism and respon-
sive to cellular morphological changes, therefore regulates the spatiotemporal localization
of the Z-ring [327].

In short, in the reaction-diffusion MinDE system, symmetry breaking at one pole first
occurs when local disturbances, in the form of increased local MinD concentration, induce
an enhanced recruitment of these dimers at the membrane (due to cooperative binding)
causing the start of an oscillation. The protein pattern formation mechanism thus arises
from membrane interactions and redistribution of MinD and MinE across the cell [282].

1.4.3 In vitro reconstitution of the MinDE system: uncovering
hidden functions

The lipid membrane is the catalytic environment of several intracellular reaction-diffusion
mechanisms, in particular the MinDE system. Given its crucial role in the formation of
protein-patterns, the reconstitution of lipid bilayers in diverse model systems represented a
turning point for the study of the MinDE system. Pioneering the MinDE reconstitution on
flat membranes, Loose and colleagues were the first to successfully reconstitute the MinDE
system on SLBs and describe its resulting pattern on two-dimensional (2D) membranes: a
dynamic travelling and spiral wave (Figure 1.9a) [328]. In the search for a thorough descrip-
tion of the pattern-forming mechanism, a myriad of other studies have followed since. In
chambers with flat SLBs and large bulk volumes, an in-depth investigation of the parame-
ters affecting the MinDE oscillations was performed, and factors such as lipid composition,
membrane fluidity, MinDE protein ratios, salt concentrations, flow, and temperature were
shown to have a direct influence on pattern dynamics (wavelength, oscillation period, and
wave velocity) [329, 123, 330, 331, 122]. For instance, while a higher diffusion coefficient of
proteins at the membrane (due to increased fluidity) augments both the wavelength and the
velocity of MinDE waves, an increase in anionic lipid content induces the decrease of both
of these parameters [332, 329]. Importantly, by employing a MinE variant closer to the na-
tive protein, Glock et al. first showed that the MinDE reaction-diffusion mechanism on 2D
flat SLBs can also yield quasi-stationary Turing-like patterns [333]. Meshes, spots, inverse
spots, labyrinth-like patterns, and intermediate modes can thus emerge at the membrane
depending on the MinD-MinE concentration incorporated into the chambers (Figure 1.9a).

Subsequently, with the implementation of photolithography techniques enabling the
construction of patterned 2D SLBs and membrane-coated 3D microcompartments, several
remarkable properties of the MinDE system were uncovered. Of particular significance is
the reconstitution of MinDE oscillation on open in vivo-like compartments and surfaces
with varying shapes and sizes [121, 335, 126]. Not only did these studies show that it was
possible to recapitulate bacterial pole-to-pole oscillations and equatorial FtsZ localization
in vitro, they also uncovered the geometry-sensing properties of the MinDE system. Indeed,
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Membrane diffusion

Diffusive net flux

EGFP-MinD/Streptavidin
a b

Figure 1.9. MinDE-driven diffusiophoretic transport of membrane-bound
molecules. a) MinDE self-organization on SLBs generates wave-like dynamic patterns
(top left) or quasi-stationary Turing patterns: mesh (top right), labyrinth (bottom right),
and intermediate patterns that are a mix of two, e.g., inverse spots and labyrinth (bottom
left). Scale bars are 100 µm. b) MinDE-driven transport of membrane-bound molecules via
diffusiophoresis. Confocal image demonstrating the 2D patterning of streptavidin (cargo
molecule) by Min proteins on an SLB. The mesoscopic friction arising from the non-specific
interaction of MinDE and cargo fluxes induces the directed net transport and accumulation
of cargo molecules in areas of low Min protein density. Scale bar is 50 µm. Scheme adapted
from [334] under a CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

MinDE patterns adapt and show different oscillation modes based on surface topology and
confined volume shape. To explore this intrinsic feature and investigate the spatiotemp-
oral properties of MinDE patterns, several assays were subsequently performed employing
closed microfluidic chambers [122], chambers with varying bulk volumes [120, 336], cell-
sculpting PDMS microchambers [314], and 3D-printed microstructures [135]. From these
studies, a plethora of dynamic modes as well as the geometrical selection rules behind
MinDE oscillations were elucidated, and fundamental parameters such as lateral concen-
tration gradients, bulk-surface coupling, and pattern multistability were described in the
context of the MinDE reaction-diffusion mechanism [305, 337].

Moreover, encapsulation of the MinDE system inside lipid vesicles revealed that Min
proteins can sustain different modes of oscillation at the inner leaflet of the GUVs: travel-
ling waves, pulsing patterns, pole-to-pole oscillations, or trigger waves [338]. Alternatively,
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when encapsulated inside deflated vesicles, MinDE binding to the membrane resulted in
periodic vesicle deformations in concert with MinDE oscillations. More precisely, only
when deflated vesicles exhibited pulsing patterns, periodic budding and subsequent bud
fusion could be observed, alongside vesicle shape changes. This is the case of dumbbell-type
vesicles, which split into two compartments after Min proteins relocated to their lumen,
and then fused upon Min protein reattachment. In addition, advancements in the field
of cell-free protein synthesis—particularly the encapsulation of these in vitro expression
systems inside vesicles—have enabled the successful cell-free production of Min proteins
inside GUVs. In this regard, not only were MinDE oscillations recapitulated, but also the
membrane deformations observed in deflated vesicles subjected to osmotic shocks [143, 339].

Finally, pivotal experiments performed by Ramm et al. showed, once again, the in-
strumental role in vitro reconstitutions have in unveiling surprising “hidden” MinDE func-
tions [340, 334]. Employing both flat surfaces and open microcompartments, these studies
demonstrated the spatiotemporal regulation of peripheral and lipid-anchored proteins, as
well as cholesterol-anchored DNA origami, in anti-correlated patterns via MinDE oscilla-
tions. This striking phenomenon, arising from both dynamic and quasi-stationary MinDE
patterns, involves one particular type of phoretic transport: diffusiophoresis [341]. More
precisely, the MinDE-mediated regulation of cargo molecules on the membrane emerges
from the net diffusive flux generated by MinDE concentration gradients at the lipid bilayer
(Figure 1.9b). MinDE proteins interact with cargo molecules in a non-specific manner,
and the resulting net diffusive flux establishes a frictional force that guides the localization
of these molecules towards areas of low MinDE density [334, 337]. Although its rele-
vance in in vivo protein dynamics requires further investigation, these studies revealed a
new mechanism that could be exploited for the spatiotemporal regulation of molecules on
membranes—a particularly sought-after function for building a synthetic positioning mod-
ule.

Taken together, the use of model membrane systems has enabled the reconstitution
of the MinDE protein system under a plethora of controlled conditions. Recapitulating
MinDE protein patterns not only has consolidated this protein system as a paradigmatic
model to study reaction-diffusion mediated pattern formation, but also has enabled the
in-depth characterization of the molecular basis behind MinD-MinE self-organization and
the elucidation of unknown functions with potential to unlock newfound applications.
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The engineering of an actomyosin-based contractile module for synthetic division of mini-
mal cells has shown remarkable advancements in the last decade. Past in vitro reconstitu-
tion of actin rings and their myosin-driven contraction inside water-in-oil droplets and vesic-
ular systems have laid the groundwork for the assembly of such a module [264, 267, 263].
However, these reconstitutions have also exhibited an unequivocal shortcoming: the con-
trolled positioning of contractile forces at the equator of synthetic cells. At present, the
field lacks an effective strategy to overcome slippage of contractile rings and attain mid-cell
localization of myosin-driven forces [267, 183]. Extensive attempts relying on external me-
chanical forces and careful revision of the eukaryotic-based division strategy have evidenced
the importance of incorporating a positioning module into vesicular minimal cell models
[270, 342]. To address this missing puzzle piece and prevent an impasse in the engineering
of an actomyosin-based synthetic division module, in this thesis I set out to investigate
the MinDE system as a suitable protein-based positioning module that could be assembled
with the actomyosin contractile one. Thus, the ultimate goal of this thesis is to achieve
the successful integration of both synthetic modules to attain spatiotemporal control of
actomyosin rings and advance one step further in our endeavour to divide artificial cells.

To assemble and combine both modules together while retaining their functionality
and integrity, I established a set of specific aims in a two-phase research approach. In the
first phase of my research, I focused on studying the MinDE system. MinDE positioning
of cargo molecules has been extensively characterized in open supported 2D lipid bilayers,
open microcompartments, and in vivo [340, 334]. Although MinDE wave-like patterns have
been studied employing 3D-printed architectures [135], the MinDE-driven positioning of
complex biomolecules via diffusiophoretic transport has not been tested (and exploited) on
the surface of intricate 3D geometries and free-standing membranes (GUVs). Therefore,
I first set out to demonstrate the robustness of the MinDE protein system as a synthetic
positioning module in these membrane model systems. Based on this goal, the objectives
for this first phase of the thesis work were the following:

• Reconstitute dynamic and quasi-stationary Turing patterns on 3D surfaces obtained
from the 2PP of a biocompatible hybrid photopolymer.

• Achieve the spatiotemporal control of a wide variety of unrelated membrane-bound
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cargo molecules on 3D-printed microstructures and study the effect of cargo proper-
ties on MinDE patterning to test its mechanistic versatility.

• Exploit the diffusiophoretic capabilities of the MinDE system and demonstrate its
potential application as a synthetic positioning/patterning module for the function-
alization of microcarriers and cell mimics.

After this first research phase consolidated the MinDE system as a powerful and versa-
tile synthetic module for positioning of complex biomolecules, this thesis work subsequently
delved into the experimental challenges that co-reconstitution of modules entails. As men-
tioned above, the second phase aimed at the assembly and integration of the MinDE
system (prokaryotic) with actomyosin contractile rings (eukaryotic) to enable controlled
localization of forces at the equator for synthetic cell division. While these two synthetic
modules independently showed their efficient functioning inside GUVs, their combined re-
constitution required fine-tuning and optimization of encapsulating conditions. To tackle
this challenge, the following objectives were set:

• Consider the design variables for both the positioning and contractile module and
find the experimental conditions allowing the correct functioning of both modules
and the showcase of their characteristic behaviour inside vesicles (i.e., generation
of MinDE pole to pole oscillations, actin-bundling, bundle-membrane attachment,
actomyosin ring contraction, etc.).

• Achieve the diffusiophoresis-mediated positioning of actomyosin rings at mid-cell by
the MinDE system.

• Demonstrate equatorial furrowing arising from myosin-driven contractile forces within
the recapitulated division ring.

• Investigate the emergence of unexpected effects and behaviours resulting from the
integration of these two modules inside minimal cell models.

Taken together, my ultimate goal was to implement a modular engineering approach
and show the efficient positioning of actomyosin rings at the equator of GUVs by employing
the MinDE system. To attain this goal, this thesis thus pursued two specific aims: (1) to
consolidate the MinDE system as a synthetic module for the positioning of any membrane-
bound molecule or high-order structure, and (2) to harness its capabilities to overcome
current challenges hindering progress in synthetic biology and other fields.
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Protein-Based Patterning to Spatially Functionalize
Biomimetic Membranes

María Reverte-López, Svetozar Gavrilovic, Adrián Merino-Salomón, Hiromune Eto, Ana
Yagüe Relimpio, Germán Rivas, and Petra Schwille

Summary:
In this publication, we demonstrate the versatility of the MinDE protein system as a
synthetic positioning module. To show that Min proteins can be employed as a benign
patterning tool to functionalize 3D synthetic systems, we set out to investigate their ca-
pabilities on microcarriers and vesicular cell mimics. Due to their use in targeted drug
delivery, we 3D-printed microswimmer-like robotic structures as solid microcarrier plat-
forms and selected a wide variety of biomolecules with contrasting properties to test their
MinDE-driven patterning. We coated the surface of microrobot-like architectures with lipid
bilayers and effectively functionalized their surface with biomedically-relevant proteins and
polymers (streptavidin, PEG), as well as higher-order DNA and protein structures (DNA
origami, FtsZ filaments). We reveal that both MinDE dynamic and Turing-like patterns
can spatiotemporally control any diffusible cargo on 3D-supported lipid bilayers and the
inner leaflet of GUVs. These findings consolidate the MinDE system as a robust synthetic
positioning module for diverse applications in fields such as synthetic biology and biotech-
nology.
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The bottom-up reconstitution of proteins for their modular engineering into
synthetic cellular systems can reveal hidden protein functions in vitro. This is
particularly evident for the bacterial Min proteins, a paradigm for
self-organizing reaction-diffusion systems that displays an unexpected
functionality of potential interest for bioengineering: the directional active
transport of any diffusible cargo molecule on membranes. Here, the MinDE
protein system is reported as a versatile surface patterning tool for the
rational design of synthetically assembled 3D systems. Employing two-photon
lithography, microswimmer-like structures coated with tailored lipid bilayers
are fabricated and demonstrate that Min proteins can uniformly pattern
bioactive molecules on their surface. Moreover, it is shown that the MinDE
system can form stationary patterns inside lipid vesicles, which allow the
targeting and distinctive clustering of higher-order protein structures on their
inner leaflet. Given their facile use and robust function, Min proteins thus
constitute a valuable molecular toolkit for spatially patterned functionalization
of artificial biosystems like cell mimics and microcarriers.
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1. Introduction

Bottom-up synthetic biology is an in-
terdisciplinary field where engineering
principles are applied to biochemical pro-
cesses with the goal of building cell-like
systems from a set of minimal functional
modules.[1] In the search for these mod-
ules, for the past 20 years the scientific
community has applied a “building to un-
derstand” strategy.[2] Gene networks, pro-
tein systems, synthetic molecules, and
biomaterials have been rationally de-
signed and reconstituted in vitro, and
extensive knowledge of their discrete
properties and working principles has
been harnessed.[3–5] Similarly to a tin-
kerer with a versatile toolbox, researchers
are now working on integrating these
well-defined modules in synthetically-
assembled systems for their use in a wide
range of applications like theragnostics,
targeted drug delivery, bioremediation,
and biocatalysis.

Intriguingly, the reconstitution of biological systems for their
engineering into functional modules has revealed new sets of
functions far-off the ones observed in vivo.[6] A very recent exam-
ple involves the Escherichia coli (E. coli) Min system,[7] a reaction-
diffusion system that regulates the positioning of the division
FtsZ-ring at mid-cell in E. coli.[8,9] Considered a paradigm of
molecular self-organization, Min proteins are a well-established
model for the study of biological pattern formation.[10] Us-
ing ATP as fuel and the plasma membrane as catalytic ma-
trix, the reversible switching of proteins MinD and MinE from
membrane-bound to cytosolic state generates a plethora of pat-
terns determined by controllable parameters in the system
(Figure 1a).

In rod-shaped E. coli, MinDE dynamics result in pole-to-pole
oscillations driven by ATP hydrolyzation. Inside lipid vesicles,
however, a broader range of dynamic oscillation modes beside
pole-to-pole has been shown.[11] Moreover, in 2D-reconstituted
supported lipid bilayers (SLBs) both traveling and standing waves
have been generated,[12–14] as well as quasi-stationary “Turing”
patterns.[15] In particular, these stationary patterns are of great
interest due to their variability and controllability of shapes.
Meshes, spots, inverse spots, and labyrinth-type patterns remain
quasi-stationary over time upon ATP consumption and can span
hundreds of microns on SLB-coated glass surfaces.
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Figure 1. Diffusiophoresis-mediated patterning of membrane-bound molecules by the MinDE system. a) Schematic illustration of the molecular mech-
anism behind MinDE reaction-diffusion on membranes and the cargo molecules used in this study: DNA origami, streptavidin, and FtsZ filaments. b)
The MinDE system can transport membrane-bound molecules. The active flux of MinDE proteins on the membrane establishes a frictional force when
non-specifically interacting with cargo, inducing cargo transport toward areas of low MinD density. c) Phase diagram of the MinDE patterns generated
when concentrations of MinD and MinE are varied on planar OrmoComp-supported lipid bilayers. Single data points represent patterns obtained on
separate OrmoComp-coated surfaces. Colored areas aim to facilitate the interpretation of the patterns expected for further protein ratios. Confocal im-
ages illustrating pattern diversity: traveling waves (top left), mesh (top right), inverse spots at a phase boundary (bottom left), and labyrinth (bottom
right). Scale bar, 100 μm. d) Confocal images demonstrating the 2D patterning of 4 types of cargo constructs: DNA origami-Cy3, Atto655-streptavidin
bound to biotin, Atto655-streptavidin bound to biotin functionalized with a 2000 Da PEG spacer, and FtsZ-mCherry-mts, on SLBs generated over planar
OrmoComp surfaces. SLBs contain 1% of Biotinyl-CAP-PE in experiments performed with streptavidin. DNA origami structures were attached to the
membrane via TEG-cholesteryl oligonucleotides. Scale bars are 50 μm for origami, streptavidin bound to Biotinyl-Cap-PE and FtsZ-mCherry-mts. For
streptavidin bound to PEG2K-Biotin scale bar is 100 μm.
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In addition to deciphering the role of MinDE oscillations in
bacteria, and extensively characterizing their patterns in vitro,
recent studies revealed a hidden function of these proteins in
reconstituted systems: the directional transport and pattern-
ing of unrelated molecules on lipid membranes. Through a
diffusiophoretic transport mechanism, Min proteins can non-
specifically sort and spatiotemporally control membrane-bound
diffusible molecules, which results in their distinct pattern-
ing on lipid surfaces (Figure 1b).[16,17] However, despite the
striking visual effect of this new functionality, MinDE-induced
patterning has not been exploited in artificially developed
systems yet.

To date, molecular tools that spatiotemporally arrange scaffold
components are indeed scarce. Despite the importance and ef-
forts to endow systems like micromotors and microcarriers with
sophisticated functionalities, engineering local modifications to
confer chemical versatility and novel properties remains a diffi-
cult task. To circumvent the difficulties that this site-specific ar-
rangement of molecules entails, recent alternatives have been de-
veloped in fields like soft robotics where systems are being engi-
neered to execute complex mechanical operations.[18] For exam-
ple, the arrangement of active motor proteins with nanoscopic
precision is still a challenge to overcome in these systems.
Jia et al. recently achieved local actuation of motor-decorated
biorobot modules using soluble caged ATP as a spatially address-
able light sensor.[18] Although this approach indeed showed the
differential deformation of soft biorobots, an exciting avenue to
further extend their functional complexity is the controlled spa-
tial targeting of functional biomolecules themselves. In this re-
gard, chemical patterning approaches and lipid-based strategies
to spatially reorganize and cluster molecules on microdevices and
synthetic vesicles have shown promising results.[19–21] Particu-
larly, the use of phospholipids to create patterned membranes
through the formation of spotted domains, Janus assemblies, or
the demixing of lipid/polymer hybrid vesicles, has become a strat-
egy whereby challenges like biofouling, efficient antigen presen-
tation, enhanced T-Cell signaling, and adaptability to complex en-
vironments could be tackled.[22–25] However, further development
of this domain-based surface patterning is still required; insta-
bilities caused by the disjunctive properties of these membrane
domains induce their budding or fission into homogeneous mor-
phologies, which ultimately hampers their use for translational
applications. Hence, to build synthetic systems with advanced
properties and cutting-edge functionalities, new strategies to con-
trol the spatial distribution of their elements on surfaces are still
required.

In this study, we demonstrate the capability of the MinDE
system to spatiotemporally control and distinctively target unre-
lated cargo molecules on the surface of synthetic 3D systems.
For this purpose, we assess the MinDE-driven patterning of
biomedically-relevant molecules and high-order protein struc-
tures on two model microcarrier systems: membrane-coated
3D-printed microswimmer-like structures and giant unilamel-
lar vesicles (GUVs). Based on the experimental insights here
reported, we propose the use of Min proteins as a physiologi-
cally benign biochemical patterning tool for the integration of
synergistic functionalities in lipid-based systems, including ar-
eas of translational research where complex rational design is
required.

2. Results

2.1. Quasi-Stationary MinDE Patterns on a UV-Curable Hybrid
Polymer

To examine the conditions needed to reconstitute quasi-
stationary MinDE patterns on 3D printed microstructures, we
carried out MinD-MinE titrations on planar OrmoComp sur-
faces. First, we set out to choose the photoresist that, as a rep-
resentative model, demonstrates the versatility of our system.
OrmoComp, with an organic-inorganic hybrid composition, was
chosen for this purpose due to its facile and ample surface modi-
fications, and its crucial features for biomedical applications like
biocompatibility and non-cytotoxicity.[26] As the MinDE reaction-
diffusion system relies on a lipid membrane as the catalytic ma-
trix for the spatiotemporal localization of its proteins, following
an already reported pipeline,[27] we silanized cured OrmoComp
surfaces to enable SLB formation through a vesicle bursting strat-
egy. By (3-aminopropyl)triethoxysilane (APTES) treatment, the
terminal positively-charged amine groups of this organosilane
coated the surface of the photoresist and through electrostatic in-
teractions facilitated the rupture and fusion of negatively-charged
small unilamellar vesicles (SUVs), which ultimately formed SLBs
on the OrmoComp surfaces. Subsequently, to quantitatively as-
sess the MinD/MinE ratios needed to generate quasi-stationary
patterns on OrmoComp surfaces, we used our well-established
in vitro reconstitution assay.[28] We systematically varied protein
concentration and confirmed by confocal microscopy the forma-
tion of different types of stationary MinDE patterns. Mapping
out these patterns thereby gives rise to a phase diagram where,
according to protein concentration, areas of dynamic, station-
ary, and mixed patterns at phase boundaries can be inferred
(Figure 1c). In agreement with previous reports, the stationary
patterns obtained include labyrinths, meshes, and inverse spots;
shapes that emerge when MinE occupies the outer rim of areas
with high MinD density.[12]

2.2. Spatiotemporal Positioning of Membrane-Bound Molecules
on OrmoComp Surfaces by the MinDE System

Having established the conditions to controllably create sta-
tionary MinDE patterns on OrmoComp surfaces, we inves-
tigated the MinDE-driven transport of unrelated membrane-
bound molecules on these surfaces. To this end, we incu-
bated SLB-coated OrmoComp surfaces with our target cargo
molecules, and then incorporated MinDE in our assay chambers
to reconstitute labyrinth-type stationary patterns. The robustness
of the MinDE ATP-driven transport mechanism was assessed by
testing molecules with contrasting size, nature, complexity, and
membrane-anchoring type.

Due to its programmability and wide range of applications,[29]

DNA origami was first employed to perform this evaluation.
With prior incubation of SLBs with triethylene glycol (TEG)-
cholesteryl functionalized oligonucleotides, the DNA origami
structure incorporated into the chambers was the Rothemund
triangle,[30] which was modified with 12 oligonucleotide handles
for cholesterol-mediated membrane attachment and 9 oligonu-
cleotide handles for fluorophore attachment. Similarly shown
in extensive studies,[17] once stationary MinDE patterns were

Small Methods 2023, 7, 2300173 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300173 (3 of 10)
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obtained on the membrane, the origami structures were effec-
tively transported toward areas of low MinD density (Figure 1d,
top panel). As a result, an anticorrelated pattern of origami struc-
tures was formed.

To further verify the MinDE-induced spatiotemporal target-
ing of biomedically utilized molecules on OrmoComp-supported
membranes, we then turned to streptavidin. Given its use as an
affinity nano-tag for drug delivery and diagnosis,[31] we tested
whether both simple biotinylated lipids and polyethylene gly-
col (PEG)-lipid conjugates linked to streptavidin could be trans-
ported by the diffusive fluxes of MinDE proteins. Notably, when
in vitro reconstitutions were carried out with lipids containing a
2000 Da PEG chain, streptavidin was spatiotemporally regulated
and rearranged on the membrane to occupy MinD-depleted areas
similarly to assays conducted on SLBs containing simple biotin-
lipid constructs (Figure 1d, middle panels). Despite the pres-
ence of the mushroom-like PEG spacer, which extends the biotin-
streptavidin bond up to 3.5 nm above the membrane,[32] the fric-
tional force exerted by the MinD flux on the membrane success-
fully transported streptavidin, patterning this cargo molecule on
OrmoComp surfaces.

To follow up on this observation, we then examined if proteins
organized in high-order structures like filaments were also sus-
ceptible to rearrangement on the membrane by the MinDE sys-
tem. To this end, we used FtsZ-mCherry-mts. This protein con-
struct, responsible for the formation of the bacterial division ring,
binds directly to reconstituted lipid membranes via an amphi-
pathic helix termed membrane-targeting sequence (MTS).[33] To
circumvent any specific interaction between FtsZ and MinD, the
effector protein MinC responsible for depolymerizing FtsZ was
not included in the assays. In this way, as previous studies per-
formed with FtsZ,[16] we ensured that nonspecific frictional cou-
pling between FtsZ and Min proteins was the only interaction
taking effect in the system. Interestingly, after FtsZ-mCherry-
mts filaments were incorporated to OrmoComp-supported lipid
membranes, a labyrinth-like MinDE pattern was generated on
the surface, and this complex cargo structure was reorganized
via diffusiophoresis creating anticorrelated patterns similar to the
ones described with origami and streptavidin (Figure 1d, fourth
panel).

Taken together, our experiments show that MinDE diffusive
fluxes enable the active transport of biomedically relevant cargo
molecules and high-order protein structures on membrane-
coated OrmoComp surfaces.

2.3. Fabrication and Functionalization of Microstructures with
Supported Lipid Bilayers

We further explored whether we can obtain MinDE-induced
cargo patterning in 3D, and most importantly, on microstruc-
tures that could exploit this multidimensional sorting of
molecules. Inspired by the engineering of microrobots for trans-
lational applications, we 3D-printed microstructures analogous
to microswimmers utilized for cargo transport and targeted drug
delivery. The designs explored were: 1) a cut sphere connected to
a helical tail; 2) a rod-like bacterium mimic with a half-capsule
body linked to a thin helical tail. To reach the highest resolution
possible at the micron scale, we crosslinked our photoresist (Or-

moComp) by two-photon direct laser writing. Due to the shape of
the laser focal spot – a spheroid termed voxel – a thorough eval-
uation of the printing parameters was conducted to circumvent
spherical aberrations in the main body of the microswimmer-like
structures, especially in design 1. Using scanning electron mi-
croscopy (SEM) (Figure 2a) we assessed the quality of the struc-
tures and found that increasing voxel overlap, while maintaining
high scan speeds and low laser doses to avoid micro-explosions,
generated optimum features with smooth surfaces.

To further enhance the surface functionalities of the 3D-
printed structures, we next coated them with lipid bilayers. We
carried out the functionalization strategy employed in 2.1 and
obtained fluid lipid membranes on the surface of our Ormo-
Comp microstructures. To exemplify properties that microstruc-
tures can acquire by incorporating membranes on their surfaces,
we added PEG-lipid conjugates and TEG-cholesteryl functional-
ized oligonucleotides to our lipid formulations.

Thus, we show that microswimmer-like structures printed
with OrmoComp can be functionalized with lipid bilayers,
thereby enabling surface coating of these microstructures with
stealth molecules for augmented biocompatibility and stability
in diverse environments.

2.4. 3D Patterning of Functional Molecules on Lipid-Coated
Microstructures

Since the coating of microstructures with tailored lipid mem-
branes provided a versatile matrix from which we could build
upon, we next explored the idea of using the MinDE system
to spatially functionalize this surface with patterned molecules.
To comparably test MinDE-driven cargo transport in 3D, we fol-
lowed the same experimental strategy employed in 2D and incu-
bated the SLB-coated microstructures with our cargo molecules
of interest: DNA origami, streptavidin, and FtsZ-mCherry-mts.

Strikingly, MinDE stationary patterns like spots, inverse
spots, and labyrinths also formed on the surface of both
microswimmer-like structures and, in accordance with our initial
hypothesis, all three cargo molecules were spatiotemporally reor-
ganized, irrespective of microswimmer shape, into anticorrelated
stationary patterns – spots, mesh, and labyrinth – (Figure 2b;
Figure S1, Supporting Information). MinDE-driven patterning,
dependent on cargo intrinsic characteristics (e.g., membrane dif-
fusion and membrane footprint),[17] allowed the positioning of
molecules over the entire body of the microswimmer-like struc-
tures and remained uniform for hours before ATP depletion
(Figure S2, Supporting Information). In addition, anticorrelated
positioning of cargo on 3D-printed structures was also obtained
with dynamic MinDE traveling waves (Video S1, Supporting In-
formation).

To quantitatively scrutinize the spatiotemporal reorganization
of molecules on the surface of 3D-printed structures, we re-
constructed the confocal images acquired into 3D projections
and quantified the Michelson contrast, (Imax − Imin) / (Imax +
Imin), along lines drawn over the body of the microswimmer-
like structures. The normalized fluorescence intensity line plots
obtained illustrate how all three cargo molecules converged to
MinD-depleted areas on the surface. Moreover, the sharp contrast

Small Methods 2023, 7, 2300173 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300173 (4 of 10)

 23669608, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202300173, W
iley O

nline L
ibrary on [09/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

3. Publications

44



www.advancedsciencenews.com www.small-methods.com

Figure 2. Patterning of membrane-bound molecules on 3D printed microswimmer-like structures. a) Scanning electron microscope (SEM) images of
two types of 3D-printed OrmoComp microstructures. b) Z-Projections of confocal images showing the patterning of the 4 types of cargo on 3D-printed
structures. SLBs were formed by functionalizing the surface with amine groups and bursting negatively-charged SUVs on their surface. After incubating
the printed structures with our cargo molecules (DNA origami, streptavidin, and FtsZ-mCherry-mts), MinDE proteins spatiotemporally rearrange the
aforementioned molecules into 3D patterns over their surfaces. Fluorescence intensity line plots of EGFP-MinD (green) and cargo molecules (magenta)
demonstrate the demixing with varied contrast of MinD and cargo on both the top and lateral sides of the microswimmer-like structures. Line selections
are depicted in yellow in EGFP-MinD/Cargo merged images. Scale bars in white are 50 μm.

Small Methods 2023, 7, 2300173 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300173 (5 of 10)
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observed at boundary regions further validated the demixing of
both MinDE and unrelated membrane-bound cargo.

Hence, our experiments demonstrate that MinDE proteins can
be used for the molecular patterning of cargo on membrane-
coated microswimmer-like structures, and thus for the advanced
functionalization of these microcarriers with spatially-organized
molecules of interest.

2.5. Quasi-Stationary MinDE Patterns Spatially Distribute
FtsZ-mCherry-mts Bundles Inside GUVs

Having established MinDE patterning on complex 3D structures,
we then wondered whether we could incorporate this spatial
functionalization tool into fully lipid-based systems. Inspired by
studies in the field of synthetic biology and drug delivery,[25,34]

where GUVs have become well-established models of artificial
cells and biomimetic carriers, we decided to investigate the con-
ditions required to pattern molecules inside these vesicles using
MinDE proteins.

Following a bottom-up approach, we encapsulated our reaction
mix – MinDE, cargo, and ATP – inside GUVs using a standard-
ized double-emulsion transfer method for purified proteins.[35]

As a cargo model, we chose again FtsZ-mCherry-mts to evalu-
ate the transport of complex protein-based structures, this time
on the inner leaflet of vesicles (Figure 3a). Strikingly, when a
high concentration of a macromolecular crowding agent Dex-
tran70 was added to our inner reaction mix, we observed a dis-
tinct organization of MinDE and FtsZ-mCherry-mts on the GUV
membrane due to crowding-driven membrane exclusion effects
(Figure 3b).[35] In stark contrast to earlier experiments on Min
proteins reconstituted inside vesicles and droplets,[11,36] MinDE
here not only displayed spatial oscillations but also exhibited
MinDE quasi-stationary patterns as a key prerequisite for the
robust spatial targeting of cargo (Figure 3d,e). These patterns,
which resembled the mesh and spot-type Turing-like patterns re-
constituted on SLBs, remained uniform over long periods of time
and were indeed able to position FtsZ-mCherry-mts into steady
large-scale assemblies (Figure 3c). As a consequence, the MinDE
diffusive fluxes on the membrane drove the transport of FtsZ-
mCherry-mts bundles to the periphery of the MinDE patterns.
The cargo thus assembled into characteristic configurations oc-
cupying the areas available on the membrane (Videos S2, S3, Sup-
porting Information).

In summary, we show that, in the presence of crowding agents,
quasi-stationary Turing patterns can be successfully generated in-
side GUVs, and MinDE-driven patterning of complex structural
cargo is possible on the inner lipid leaflet of these vesicles.

3. Discussion

In this study, we have demonstrated that Min proteins can
be employed to induce robust surface patterning of diffusible
molecules and molecular assemblies on complex 3D lipid-based
systems. Remarkably, we provide direct evidence that MinDE
Turing patterns can be generated on both SLB-coated printed
microstructures and on the inner lipid leaflet of GUVs. Thus,
the here shown variety of membrane-based systems where sta-
tionary patterning is possible demonstrates the universality of

this recently discovered MinDE function. Specifically, we have
conclusively shown that this universality not only applies to the
properties of the synthetic membrane environment – a free-
standing membrane in the case of synthetic cell mimics and a
supported one for microswimmer-like structures -, but also to
the nature of the cargo molecules. Besides biomedically relevant
molecules for ligand binding and anti-biofouling, like strepta-
vidin and PEG chains, the frictional force induced by Min protein
fluxes is able to stationary redistribute DNA assemblies and pro-
tein filaments, two types of slow-diffusive cargo molecules which
were considered complex to differentially pattern by the MinDE
system.[17] Therefore, our findings lend further credence that, un-
der the right concentration and crowding conditions, complex
high-order assemblies can also be spatiotemporally regulated by
Min proteins.

Contrary to chemical/optical patterning approaches of 3D-
printed structures, where molecules are mixed in bulk with
a photoresist before polymerization or infiltrated for later
crosslinking,[37,38] in this study the MinDE-induced patterning
of microstructures is performed after photoresist development
through surface chemistry modifications. For fabrication pur-
poses, this strategy presents several advantages. First, the print-
ing and patterning steps are independent. The fabrication pro-
cess does not involve intricate steps with photoactive reagent
mixes which may limit the selection of photoresist. As a re-
sult, MinDE-driven patterning of microstructures neither re-
quires arduous optimization of printing parameters to obtain
stable structures nor induces potential photodamage to the pat-
terned biomolecules. Moreover, because swelling and shrink-
ing of materials are not required, microstructures retain their
physical properties.[18,19] Secondary, the patterning of molecules
here shown occurs in minutes and is reversible. After sev-
eral hours of robust and uniform patterning without buffer
exchanges,[12] since the reaction-diffusion mechanism of MinDE
proteins is ATP-fueled, it is possible to disperse the established
cargo arrangement as well as reorganize molecules into a com-
pletely different pattern by modulating ATP concentration. Con-
trol over ATP levels thus grants the possibility to, for exam-
ple, reuse the printed structures for further patterning with new
biomolecules. Finally, in the process of constructing compatible
surface chemistry for Min proteins, we indirectly incorporate ad-
ditional functionalities to printed structures beyond those con-
ferred by MinDE-driven patterning.

It should be noted that we fabricated our two model carrier sys-
tems coated with lipid bilayers. Indeed, negatively charged mem-
branes, lipid or polymer-based,[39] act as enabling platforms for
our protein-based patterning tool. Therefore, by generating lipid
vesicles and coating 3D-printed microstructures with SLBs, we
incorporate a multi-purpose layer to which diverse functional lig-
ands can be anchored, resulting in the endowment of the coated
structures with well-defined properties for interacting or sensing
the environment around them.

Furthermore, due to the design of our microstructures and the
photoresist chosen, it is possible to functionalize their surface to
achieve propulsion in fluid environments. For instance, if mag-
netic actuation is required, the 3D-printed microstructures can be
coated with nickel and gold to allow movement and protect them
from oxidation.[40,41] Importantly, this intermediate metallization
step is compatible with subsequent SLB coating. By thiol chem-
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Figure 3. Spatiotemporal positioning of FtsZ-mCherry-mts inside lipid vesicles by MinDE patterns. a) Schematic illustration of the content inside giant
unilamellar vesicles after encapsulation. MinDE and FtsZ-mCherry-mts bind to the membrane via MTS domains while Dextran70 generates a volume
exclusion effect at the vesicle lumen. b) The addition of Dextran70 as a crowding element promotes the formation of both FtsZ-mCherry-mts bundles
and robust MinDE Turing patterns on the inner lipid leaflet of vesicles. FtsZ-mCherry-mts bundles (magenta) are therefore redistributed according to
these patterns. Scale bars are 100 μm. c) Z-projections of confocal stacks depicting two examples of FtsZ-mCherry-mts patterning induced by the MinDE
system. FtsZ-mCherry-mts bundles assemble into a membrane-bound framework inside the vesicles. Scale bars are 20 μm. d) Belt-type patterning
of FtsZ-mCherry-mts inside a GUV observed after performing Z-projections over confocal stacks. The kymographs below the individual and overlaid
channels were generated from a spline along the equator of the GUV and are meant to visually define the position of a fluorescent feature inside the
spline over time. Here, the FtsZ-mCherry-mts and overlaid kymographs demonstrate that FtsZ-mCherry-mts bundles are effectively patterned into a
static belt-type configuration for almost two hours. The scale bar is 10 μm. e) The heterogeneous distribution of protein and crowder concentration after
encapsulation generates dynamic MinDE patterns inside some GUVs. Kymographs generated at the GUV equator show how FtsZ-mCherry-mts bundles
are localized to areas of low MinD density and create dynamic anti-correlated patterns inside the GUV. The scale bar is 10 μm.

istry, a monolayer of hydrophilic functional groups can be added
to the metal-coated surface to induce SUV bursting and SLB for-
mation, thereby allowing particle patterning by MinDE.[42]

In addition, the demonstrated universality of the MinDE-
induced surface patterning opens an intriguing avenue of re-

search for future studies: the simultaneous patterned deposition
of several unrelated molecules on the same surface. In E.coli,
MinD acts as a carrier protein responsible for the directional
transport of MinC, which competes with MinE for MinD bind-
ing. Using the MinC binding interface, we could use protein en-

Small Methods 2023, 7, 2300173 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300173 (7 of 10)
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gineering to attach other molecules of interest to MinD. As a re-
sult, two different molecules could be separated and patterned
in an anticorrelated fashion. While one cargo molecule would be
positioned at MinDE-depleted areas via diffusiophoresis, another
molecule of different nature could bind MinD and overlay the
MinDE pattern already formed, causing the disjunctive distribu-
tion of the two molecules into two distinct patterns.

Moreover, if the control over pattern formation given by ATP
is exploited while simultaneously positioning two biomolecules,
this might allow the design of active systems in which reactions
could be triggered by the mixing or demixing of cargo molecules.
Conversely, to achieve immobile and ATP-independent pattern-
ing of biomolecules after their diffusiophoretic positioning,
crosslinking strategies can be applied. In this regard, physical
and chemical crosslinking of proteins,[43] cation-mediated fixing
of DNA origami on membranes,[44] or the UV crosslinking of Min
patterns would allow to utilize systems patterned by Min proteins
on diverse buffer conditions and experimental set-ups.

Finally, although the microstructures here presented do not
induce a change in Min protein dynamics, further use of the 3D-
printing and surface functionalization techniques here described
could help describe how curvature and 3D geometrical cues af-
fect Min patterns.[45–47] Besides obtaining more experimental
data, and thus revealing quantitative parameters behind the ob-
served behavior, an insightful future approach would involve
the integration of these input parameters in new computational
tools.[48] In particular, the combination of physics-informed neu-
ral networks with numerical methods presents a promising fu-
ture where machine learning could aid in accelerating the com-
putationally costly steps in computer simulations,[49,50] thereby
advancing the understanding of the fundamental principles be-
hind reaction-diffusion systems and the prediction of patterns
from given input parameters.[51,52]

4. Conclusion

In summary, we demonstrate that the MinDE system is a ver-
satile and robust synthetic tool for the 3D surface patterning of
molecules. From small ligands like streptavidin to high-order
assemblies like protein bundles and DNA origami, Min pro-
teins can be tuned to asymmetrically arrange molecules into
macrodomains on membrane-functionalized surfaces. Given the
demand for novel strategies to create heterogeneous surface
functionalities, harnessing MinDE capabilities could be an attrac-
tive alternative in fields of research working on developing soft
biorobots or active microcarriers for theragnostics and drug de-
livery. For example, cluster-based distribution of antibodies for
enhanced T-Cell activation, or asymmetric coverage of proteins
and enzymes to facilitate microcarrier movement, are some of
the challenges that fixed patterns obtained by MinDE-driven posi-
tioning could help tackling.[20,53] Consequently, beyond the great
value of the Min proteins as a quantitative general model for
reaction-diffusion systems and in harnessing its physiological
function in minimal cell division,[35,54] we could also expand the
potential applications of this protein-based patterning tool and
the systems that can be functionalized by it.

Collectively, the findings presented here lend further evidence
to the versatility of this protein system as a functional toolbox.[16]

As part of the synthetic division machinery and a spatiotem-

poral patterning agent, the Min system presents itself as a
non-disruptive module compatible with the chassis and energy-
storing molecules predicted to take part in the construction of a
synthetic cell.[55] Thus, we consider this protein system a power-
ful spatial regulator for its use in synthetically designed systems.

Lastly, this paper sets an example of the importance of
studying protein functions in vitro that, at first glance, are not
physiologically relevant or have no direct involvement in in vivo
processes. Only by characterizing and scrutinizing such hidden
protein functions the scientific community can utilize these
across disciplines and devise novel valuable applications.[6]

5. Experimental Section
Fabrication of 3D-Printed Swimmer-Like Structures: Glass coverslips

(22 mm × 22 mm Menzel, Germany) were first pre-treated to facilitate
the adhesion of the microstructures to the surface. First, coverslips were
exposed to O2 plasma (Zepto, Diener Electronic, Germany) (30% power,
0.3 mbar pressure) for 60 s. Coverslips were then spin-coated with Ormo-
Prime (Microresist Technology, Germany) at 6000 rpm for 40 s and then
baked at 150 °C for 5 min on a hotplate. Once primed, to generate planar
surfaces available for patterning, coverslips were spin-coated with Ormo-
Comp (Microresist Technology, Germany) at 6000 rpms for 60 s and UV
exposed (Form Cure Formlabs, USA) for 15 min at 60 °C. 3D printing of
swimmer-like microstructures was performed with a commercially avail-
able two-photon polymerization system (Photonic Professional Nano-
scribe GmbH, Germany) equipped with a Zeiss LCI Plan-Neofluar 25×/0.8
objective set for oil immersion. OrmoComp was drop-cast on the primed
slides and exposed in dip-in laser lithography mode. Microswimmer-like
structures were designed in SOLIDWORKS and their slicing and hatch-
ing parameters were set with the Describe software (Nanoscribe GmbH,
Germany) to obtain continuous structures and fine details with a surface
roughness which had no effect on Min protein dynamics. Rod-like mi-
croswimmers: slicing 0.1 μm, hatching 0.2, laser power 50%, scanning
speed 15 000 μm s−1. Spherical-shaped microswimmers: slicing 0.1 μm,
hatching 0.4, contour count 2, contour distance 0.4, laser power 50%,
scanning speed 15 000 μm s−1. Printed structures were developed in
acetone and dried using a critical point drier (Leica EM CPD300, Leica
Microsystems, Germany). For patterning experiments, to avoid confocal
imaging artifacts which appeared at the lateral areas of tall microstructures
(the refractive index mix-match caused laser scattering and a lower fluo-
rescence intensity signal on the sides) the spherical and capsule bodies
of the microswimmer-like structures used were reduced in height main-
taining their scale. Nevertheless, Min proteins could form patterns on all
variants of these printed 3D microstructures.

Scanning Electron Microscopy: Samples were first sputter-coated with
platinum on a high-resolution automatic sputter coater (Cressington
208HR, Leica Microsystems, Germany) at 20 mA and 0.1 mbar Argon 3
times for 20 s. The thickness of the applied coatings was measured with a
built-in thickness controller to be 2.0 nm. Microstructures were then im-
aged using TESCAN MIRA3 FESEM (TESCAN, Czech Republic) operating
at an accelerating voltage of 10 kV in SE mode.

Protein Purification: MinE-His and His-MinD were purified as previ-
ously reported.[13] The FtsZ-mCherry-mts was constructed by substitut-
ing the YFP with a mCherry gene using the pET11b-FtsZ-YFP-mts vector
published by Osawa et al. and named as pET-FtsZ-mCherry-mts.[56] The
protein was purified as previously described.[56] Briefly, E. coli strain BL21
was transformed with pET11b-FtsZ-mCherry-mts and O/N overexpression
was performed at 20 °C. Cells were lysed by sonication and separated by
centrifugation. The protein was precipitated by adding 30% ammonium
sulfate and the mixture was incubated for 20 min on ice with slow shak-
ing. After subsequent centrifugation and resuspension of the pellet, the
protein was purified by anion exchange chromatography using a 5 × 5 ml
Hi-Trap Q-Sepharose column (GE Healthcare). The purity of the protein

Small Methods 2023, 7, 2300173 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300173 (8 of 10)

 23669608, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202300173, W
iley O

nline L
ibrary on [09/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

3. Publications

48



www.advancedsciencenews.com www.small-methods.com

was confirmed by SDS-PAGE and mass spectrometry. The activity of the
protein was measured by a colorimetric GTPase activity assay.

DNA Origami Structure Folding and Purification: The used DNA
origami structures were based on a well-known design and modified using
caDNAno (v.2.1).[30,57] Scaffold DNA (p7249, tilibit nanosystems, 10 nm
in folding buffer) was mixed with a 10-fold molar excess of unmodified sta-
ple strands or staple strands with TEG-cholesteryl extensions for anchor-
ing to membranes. Staple strands with the adapter sequence for “imager
strands” were added in a 100-fold molar excess. The folding reaction was
performed via melting for 15 min at 60 °C and temperature ramping from
60 to 4 °C over 15 h. The folded origami structures were purified using
Amicon Ultra 0.5 mL Ultracel filters, 100K (Merck, Darmstadt, Germany)
in purification buffer (500 mm NaCl, 10 mm Tris–HCl and 1 mm EDTA, pH
7.5) with two rounds of centrifugation (15 min, 3000 rcf), and resuspen-
sion in folding buffer (12.5 mm MgCl2, 10 mm Tris–base, 1 mm EDTA, pH
8.0) for 5 min at 3000 rcf. Proper folding of the DNA origami structures
was confirmed using atomic force microscopy (AFM) (Figure S3, Support-
ing Information).

Atomic Force Microscopy: Measurements were performed on a JPK
Nanowizard 3. AFM images were taken in QI (quantitative imaging)
mode using PEAKFORCE-HIRS-F-B (Bruker). The set point force was 0.15–
0.25 nN, acquisition speed 66.2 μm s–1, Z-range 106 nm; 1 × 1 μm2 fields
of view were acquired with a 512 × 512 resolution. Images were first pro-
cessed in JPKSPM Data Processing (JPK, v6.1.142) performing a line-wise
second-degree polynomial leveling followed by another second-degree
polynomial leveling with limited data range (0% lower limit, 70% upper
limit). Subsequent plane leveling, third-degree polynomial row alignment,
and scar correction were performed in Gwyddion (v2.58).[58]

Lipid Bilayer Coating of 3D-Printed Microstructures: All lipids were
purchased from Avanti Polar Lipids (USA). To generate SLBs on pla-
nar OrmoComp-coated and 3D-printed surfaces, silanization of the sur-
face was performed. Samples were plasma treated with Argon plasma
for 60 s with a Model 950 Advanced Plasma System (Gatan, USA)
and submerged for 5 min in a solution of 0.5% (v/v) APTES (Sigma–
Aldrich, St. Louis, USA) in ethanol. After rinsing with ethanol and
water, samples were kept in water as a silicone isolator chamber
(Grace Bio-Labs, 665 301, USA) were pressed on the coverslips, en-
closing the area where the resist was exposed. SLB formation was
obtained by SUV fusion in Min Buffer (150 mm KCl, 25 mm Tris–
HCl, and 5 mm MgCl2, pH 7.5) as previously described.[27] SLBs for
FtsZ and origami patterning were composed of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-(1’-
rac-glycerol) (DOPG) at a 7 : 3 molar ratio. DOPC/DOPG/DSPE-
PEG(2000) biotin (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[biotinyl(polyethylene glycol)−2000]) and DOPC/DOPG/Biotinyl Cap PE
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)) were
both mixed at a 6.9 : 3 : 0.1 molar ratio for streptavidin patterning.

Cargo Patterning Assays on 3D Printed Structures: For DNA origami as-
says, TEG-cholesteryl functionalized anchoring oligonucleotides were in-
cubated for 10 min at a final concentration of 10 nm, during this time
cholesterol molecules were incorporated into the lipid bilayer. Afterward,
DNA origami structures were added at a final concentration of 0.5 nm and
incubated for 15 min. Finally, Cy3-functionalized oligonucleotides were
added at a concentration of 10 nm and incubated for 5 min, after which
the samples were washed with 0.5 mL of Min Buffer. For streptavidin as-
says, Atto655-streptavidin was added to chambers at a final concentration
of 1 μg mL−1 and incubated for 30 min. Excess of Atto655-streptavidin was
removed by washing with a total 1 mL Min Buffer. Once these two cargo
molecules were bound to SLBs, a mixture of 2.1 μm MinD, 0.9 μm EGFP-
MinD, and 4 MinE was prepared and added to the chamber for a final con-
centration of 1.05 μm MinD, 0.45 μm EGFP-MinD, 2 μm MinE. To trigger
Min pattern formation, 2.5 mm ATP was incorporated into the chamber
and gently mixed. Chambers were incubated for 30 min before imaging.
For FtsZ-mCherry-mts experiments, Min proteins and ATP were first added
to the chamber at a final concentration of 1.75 μm MinD, 0.75 μm EGFP-
MinD, 2 μm MinE, and 2.5 mm ATP. Afterward, 1 μm of FtsZ-mCherry-mts
was incubated with the 3D-printed microstructures, and polymerization
was triggered by adding 0.04 μm GTP.

Vesicle Formation: The double emulsion transfer method was em-
ployed for the production of giant unilamellar vesicles.[59] For the
lipid-oil suspension, a mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1’-rac-glycerol) (POPG) at 7 : 3 molar ratio was dissolved in chloroform
at 1.5 mg mL−1 and dried under a nitrogen stream. Lipids were then
placed in a vacuum-sealed desiccator for 1 h for complete chloroform
evaporation. Inside a glove box, 37 μL decane (TCI Deutschland GmbH,
Germany) was added to the lipid film and, once dissolved, 1 mL mineral
oil (Carl Roth GmbH, Germany) was incorporated and the lipid-oil sus-
pension vigorously vortexed until a clear solution was obtained. To form
the GUVs, a previously reported protocol for the encapsulation of purified
proteins was followed.[35] In this case, the inner solution contained
1.5 μm MinD, 1.5 μm EGFP-MinD, 3 μm MinE, 2 μm FtsZ-mCherry-mts,
100 mg mL−1 Dextran70 (Sigma–Aldrich, USA), 2.5 mm ATP and 2 mm
GTP in Min Buffer. To prepare the crowder solution, Dextran70 was
dissolved in Millipore water, and concentration was calculated from its
weight and the total volume of the solution. Crowding solutions were
stored at −20 °C until further use.

Fluorescence Microscopy: Imaging of Min patterns on OrmoComp-
supported bilayers (Figure 1c) was conducted with a Nikon Eclipse Ti in a
spinning disk confocal set-up using a Nikon Plan Fluor 20×/0.75 water im-
mersion objective (both Nikon GmbH, Germany) and exciting EGFP with
a 490 nm diode laser. Imaging of vesicles and 3D printed structures was
performed on Zeiss LSM780 and LSM800 confocal laser scanning micro-
scopes using a C-Apochromat 40×/1.2 water-immersion objective (Carl
Zeiss, Germany). Fluorophores were excited using diode-pumped solid-
state lasers: 488 nm (EGFP-MinD), 561 nm (Cy3-labelled DNA origami,
FtsZ-mCherry-mts), and 640 nm (Atto655-streptavidin). Processing and
analysis of all acquired images were conducted using Fiji (v1.53f51).[60]

Z-Stacks were reconstructed using the Standard Deviation Z Project func-
tion and in the case of microstructures, the first 5–6 bottom slices were
discarded to remove surface signal. Kymographs were generated with
the Multi Kymograph function. ROIs were drawn manually following the
GUVs’ fluorescence intensity at their equatorial cross section.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Self-Organized Spatial Targeting of Contractile
Actomyosin Rings for Synthetic Cell Division

María Reverte-López, Nishu Kanwa, Yusuf Qutbuddin, Viktoriia Belousova, Marion
Jasnin, Petra Schwille

Summary:

In this publication, we achieve the positioning of contractile actomyosin rings inside vesi-
cles for the synthetic division of minimal cells. To reach this important milestone for the
eukaryotic-based synthetic division approach, we exploited the MinDE system as a posi-
tioning module. Co-reconstitution of both the MinDE system and actomyosin rings under
suitable conditions resulted in the spatial localization of contractile rings at the equator
of vesicles, where myosin-driven forces yielded mid-cell furrowing. We also report the
emergence of MinDE-induced membrane transformations, such as blebbing, and study this
membrane-remodelling phenomenon in closer detail with phase-separated vesicles. This
study demonstrates that combining synthetic modules of contrasting origin (eukaryotic for
the contractile module and bacterial for the positioning module) is a feasible strategy to
build artificial cells with pre-designed features and emergent functions.
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Self-organized spatial targeting of
contractile actomyosin rings for synthetic
cell division

María Reverte-López 1, Nishu Kanwa1, Yusuf Qutbuddin 1,
Viktoriia Belousova 1, Marion Jasnin 2 & Petra Schwille 1

A key challenge for bottom-up synthetic biology is engineering a minimal
module for self-division of synthetic cells. Actin-based cytokinetic rings are
considered a promising structure to produce the forces required for the
controlled excisionof cell-like compartments such as giant unilamellar vesicles
(GUVs). Despite prior demonstrations of actin ring targeting to GUV mem-
branes and myosin-induced constriction, large-scale vesicle deformation has
been precluded due to the lacking spatial control of these contractile struc-
tures. Here we show the combined reconstitution of actomyosin rings and the
bacterial MinDE protein system within GUVs. Incorporating this spatial posi-
tioning tool, able to induce active transport of membrane-attached diffusible
molecules, yields self-organized equatorial assembly of actomyosin rings in
vesicles. Remarkably, the synergistic effect of Min oscillations and the con-
tractility of actomyosin bundles induces mid-vesicle deformations and vesicle
blebbing. Our system showcases how functional machineries from various
organisms may be combined in vitro, leading to the emergence of function-
alities towards a synthetic division system.

Bottom-up synthetic biology is an interdisciplinary field currently
fostering promising technological advancements to tackle the envir-
onmental and biomedical challenges of the future while it strives
towards a fundamental goal: the construction of an artificial cell from a
set of minimal functional modules1–4. As protocell models, the biomi-
metic chassis commonly used in the field are giant unilamellar vesicles
(GUVs), membrane-enclosed containers capable of hosting biochem-
ical reactions5. To ensure the autonomy and continuity of our artificial
vesicular systems, key cellular features and processes must be reca-
pitulated within protocells; particularly, their ability to divide and self-
replicate, a critical step in a cell’s life cycle1,6.

In this regard, several strategies have been conceived to engi-
neer a synthetic division module capable of mechanical membrane
abscission7. While the reconstitution of well-characterized bacterial
divisome machinery is a very promising approach8,9, recapitulating
division with a eukaryotic cytoskeleton-based toolbox is another

intriguing strategy, due to the versatility and modularity of eukar-
yotic division proteins. Inspired by eukaryotic cytokinesis, the so-
called engineering route works on assembling an actomyosin con-
tractile ring at the GUV equator which, upon its controlled diameter
reduction, is supposed to constrict the vesicle membrane until
scission10. Two main cytoskeletal components are required for this
in vitro ring assembly route: actin and myosin. Actin, in its fila-
mentous form and together with its many regulatory binding pro-
teins, assembles into bundles which positioned at mid-cell constitute
the ring scaffold. To generate the tension required for ring con-
striction, actin must interact with many membrane-associated and
scaffolding proteins like anillin, septins and the motor protein
myosin. The interplay of these cytokinetic constituents and the
contraction generated by myosin and other passive crosslinkers are
presumably behind the contractility of the actin assembly and furrow
ingression11–13.
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Several studies have shown the successful reconstitution of con-
tractile actomyosin rings in vitro14–16. Of particular interest is the
reconstitution inside GUVs by Litschel et al.15. Using talin-vinculin as
bundlers, membrane-bound actomyosin rings induced transient
deformation in vesicles. However, bundles slipped on the membrane
and formed condensate clusters, impeding the radial targeting of
contractile forces on the vesiclemembrane. Indeed, a key requirement
for the cytokinetic engineering route to succeed is the stable cir-
cumferential positioning of the contractile ring during constriction of
the vesicle, ideally at mid-cell. To date, however, spatiotemporal con-
trol of actomyosin rings in GUVs has not been achieved. For the
eukaryotic reconstitution approach this challenge is of particular
complexity, since reconstitution of in vivo mechanisms to maintain
mid-cell ring placement would require the synergistic integration of
many proteins systems and signalling molecules, a currently unat-
tainable feat10.

Interestingly, recent studies have shown the robustness and ver-
satility of a protein-based spatial positioning toolset: the MinDE
system17–19. The Escherichia coli (E. coli) Min proteins are a reaction-
diffusion system able to self-organize on membranes through ATP
hydrolysis. Composed of three proteins—MinD, MinE and MinC—the
Min complex has a particular function in vivo: the localization of the
FtsZ division ring (Z-ring) in the middle of rod-shape bacteria. Their
self-organization mechanism consists of three steps: (1) ATP-
dependent dimerization of MinD promoting membrane attachment,
(2) MinE recruitment to membrane-bound MinD stimulating MinD’s
ATP-ase activity, (3) ATP hydrolysis and detachment of the MinDE
complex from the membrane. Following this mechanism of pattern
formation, MinD and MinE oscillate from one pole of the cell to the
other and inhibit the assembly of the Z-ring near the poles via depo-
lymerization of FtsZ throughMinC, the functional cargo protein that is
not involved in MinDE self-assembly20. In vitro, however, a surprising
functionality of the MinDE system was discovered21. When recon-
stituted on planar supported lipid bilayers and inside GUVs, the pro-
teins MinD and MinE can non-specifically sort and position any
membrane-bound cargo. More precisely, through a diffusiophoretic
transport mechanism, MinD fluxes can spatiotemporally control
molecules on the membrane by frictional forces and generate anti-
correlated molecular patterns17. This biochemical function, although
possibly irrelevant in vivo, could thus be exploited for the positioning
of membrane-attached molecules and other biomimetic features in
artificial systems18,19.

In this study, we demonstrate the successful co-reconstitution of
actomyosin architectures and the MinDE system inside GUVs. Upon
optimization of encapsulation conditions, time-lapse imaging revealed
the MinDE-driven diffusiophoretic positioning of actomyosin rings and
bundle networks at mid-cell, where we observed equatorial furrow-like
invaginations breaking spherical symmetry. Moreover, we show that,
besides the spatiotemporal control of actomyosin bundles at the
membrane, MinDE binding can induce bleb-like outward protrusions in
single-phase vesicles and domain-specific deformations in phase-
separated GUVs. Thus, the experimental insights here reported
demonstrate that upon ATP hydrolysis, MinDE proteins not only aid in
active contractile ring localization, but also generatemechanical work to
remodel vesicle membranes during synthetic division. Overall, these
results showcase the advantages of integrating synthetic toolsets of
different origin to engineer artificial cells with advanced functionalities.

Results
Co-reconstitution of actomyosin networks and the MinDE sys-
tem inside GUVs
To achieve the co-reconstitution of actomyosin networks and Min
oscillations inside vesicles, we carried out encapsulation experiments via
double emulsion transfer to identify optimal experimental conditions
for the dynamic and functional interplay of both systems’ components.

First, since G-actin and Min protein self-organization depend on
factors like salt concentration, supply of ATP and the presence of
divalent cations in solution, we tuned the inner environment of the
vesicles to simultaneously facilitate actin filament polymerization and
MinD dimerization, critical for MinD interaction with negatively
charged amphiphiles and its cooperative binding tomembranes. Given
the importance of the membrane as catalytic matrix for the spatio-
temporal organization of MinDE proteins, we generated vesicles con-
taining negative charge in the bilayer to enable the self-organization of
Min proteins into different oscillation modes22,23. In addition, we
incorporated biotinylated lipids to link biotinylated actin filaments to
the inner leaflet of the GUVs. Anchoring actin assemblies to the
membrane through neutravidin-biotin bonds allowed us to exploit the
diffusiophoretic capabilities of Min proteins, which require
membrane-bound cargo to induce the ATP-driven transport of mole-
cules on membranes17.

Once optimal buffer conditions andmembrane compositionwere
identified,we chose fascin as the crosslinking protein to generate high-
order actin bundle structures. As previously reported15, by binding
fascin-assembled bundles to the membrane via neutravidin-biotin
bonds we obtained long and curved bundles that robustly bound to
the membrane adapting to the vesicle curvature. Additionally, to
accelerate actin polymerization kinetics and decrease MinDE wave-
length and oscillation velocity, we employed Ficoll70 as macro-
molecular crowder9,24,25, which also facilitated vesicle production.
Finally, tomakeour actin assemblies contractile and rendermembrane
deformations14,15, the motor protein myosin II was added to the inner
solution mix (Fig. 1a).

To investigate the effects of MinDE oscillations on the formation
of actin-bundle architectures under crowding conditions, we encap-
sulated actin and fascin at different molar ratios together with myosin
II in the presence and absence of Min proteins. To this end, we ana-
lyzed actin architecture types and quantified their frequency of
appearance in terms of GUV sizes. Similar to recent cytoskeletal
reconstitutions in GUVs16,26, we observed four main actin phenotypes
in both the presence and absence of Min proteins: soft bundle webs,
actomyosin asters, flexible rings and stiff-straight bundles (Fig. 1b).

Although phenotype yields differed, Min oscillations supported
the bundling and assembly of actomyosin architectures on GUV
membranes. In particular, at a 0.25 fascin/actin molar ratio (Fig. 1c),
when Min proteins were part of the reaction mix, we detected an
increase in flexible ring yields, as well as a lower probability of stiff
bundle formation, irrespective of vesicle size. As previously repor-
ted, the size of a spherically confining environment impacts actin-
bundle architecture due to the persistence length of actin filaments
and the spontaneous equatorial assembly of bundles to minimize
their bending energy14,26. In both samples containing or in absence of
Min proteins, the probability of flexible ring formation was sig-
nificantly higher in small diameter vesicles (diameter < 15 µm),
whereas for medium and big vesicles the predominant phenotype
was aster, reaching almost 50% formation probability in vesicles
between 20–25 µm in diameter and 80% for vesicles bigger than
25 µm. Similarly, when a 0.5 fascin/actin molar ratio was employed
and a higher fascin/actin concentration was encapsulated, we
observed the four aforementioned phenotypes in the presence and
absence of Min proteins (Fig. 1c). Under these conditions, however,
only the frequency of stiff bundle formation decreased upon addi-
tion of Min proteins and the probability of flexible ring formation
drastically decreased for GUVs bigger than 15 µmdiameter in samples
containing Min proteins or in their absence.

Furthermore, to study the evolution of this co-reconstituted sys-
tem over time, we performed experiments in the presence ofMinDE at
0.25 fascin/actin ratio and quantified the frequency of actin pheno-
types observed on the sample at three timepoints: right after encap-
sulation, 7 h and 24 h after vesicle production (Supplementary Fig. 1a).
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Interestingly, we found that aster formation was immediate after
vesicle generation, as the frequency of these star-like condensates
remained markedly similar at 7 and 24 h: 34% and 38%, respectively.
Conversely, vesicles initially presenting no distinguishable phenotype
(but filled with G-actin on their lumen) showed a frequency as high as

asters right after encapsulation (40%), which progressively decreased
over time reaching 6% at 24 h. Concomitantly, we observed that the
number of vesicles containing rings and soft webs increased after 7 h,
the latter phenotype showing progressive increment in number as we
prolonged sample incubation time to 24 h.

Fig. 1 | Co-reconstitution of actomyosin networks and the MinDE system
enables the reorganization and positioning of actomyosin bundles atmid-cell.
a Schematic illustration of the GUV content and the twomacromolecular reactions
at membrane level: the MinDE self-assembly mechanism behind pattern formation
and the diffusiophoresis-mediated transport of neutravidin-bound actomyosin
bundles by Min proteins. The active flux of MinDE proteins on the vesicle mem-
brane interacts non-specifically via frictional forces with membrane-bound neu-
travidin inducing the transport and positioning of these molecules, and
consequently the actomyosin bundles linked to them, towards areas of low MinD
density. b 3D projections of confocal images showing the 4 phenotypes of actin
architectures obtained after encapsulating 2.4 µM actin, 0.6 µM fascin (fascin/actin
molar ratio =0.25), 0.05 µM myosin II, 50 g/L Ficoll70, 3 µM MinD, 3 µM MinE and
5mM ATP. Scale bars: 10 µm. c Bar graphs with the frequencies of the four

actomyosin phenotypes observed at different vesicle diameters when encapsula-
tion experiments were performed at 0.25 and 0.5 fascin/actin molar (M/M) ratio in
the presence and absence of Min proteins and protein/crowding conditions spe-
cified in (b). Total number of GUVs analyzed per condition = 150. d 3D projections
of time-lapse confocal images depicting the reorganization and stacking of acto-
myosin bundles towards the vesicle equator driven by the diffusiophoretic trans-
port of Min pole-to-pole oscillations. Yellow arrows indicate the perpendicular
orientation of MinDE oscillations with respect to actomyosin bundles, which get
antagonistically positioned at mid-cell. Kymographs generated at the vesicle
equator (blue dashed circle) aremeant to visually define the position of fluorescent
features at this region over time. Orange dotted lines depict the approximate dis-
tribution of actin bundles on the membrane at two time points. Vesicle content as
specified in (b). Scale bars: 10 µm. Source data are provided as a Source Data file.
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Taken together, we show the successful co-reconstitution of the
actomyosin system together with Min proteins and demonstrate that
MinDE oscillations are compatible with the assembly of membrane-
bound actomyosin architectures inside GUVs, and vice versa. Notably,
addition of Min proteins promotes the formation of flexible acto-
myosin rings in all vesicle sizes encapsulated with a 0.25 fascin/
actin ratio.

Diffusiophoresis-mediated positioning of actomyosin bundles
at mid-cell by the MinDE system
Having established the conditions to reconstitute dynamic Min oscil-
lations together with actomyosin-bundle assemblies inside GUVs, we
then investigated whether Min proteins could effectively reorganize
these assemblies and position them at mid-cell via their diffusio-
phoretic mechanism of molecular transport. Since flexible rings and
soft bundle webs are the two types of actin architectures that could
efficiently transmit contractile forces to themembrane, we studied the
spatiotemporal organization of these two phenotypes by Min oscilla-
tions with time-lapse microscopy.

In agreement with past studies27, we observed three main Min
oscillation modes resultant from the reaction-diffusion fluxes of Min
proteins on the inner leaflet of vesicles (Supplementary Fig. 1b): pul-
sing (oscillation characterized by the consecutive binding and
unbinding of MinD to the entire vesicle membrane), pole-to-pole
(sequential binding of MinD to the hemispheres of the vesicle), and
circling waves (MinDE waves revolving around the inner leaflet of the
membrane).

As MinDE pole-to-pole oscillations are the desired phenotype to
actively transport molecules to the mid-cell region via
diffusiophoresis9,21, wefirst scrutinized actomyosin-containing vesicles
exhibiting this dynamic pattern. Strikingly, in vesicles containing
actomyosin bundles isotropically distributed all over the membrane,
MinDE pole-to-pole oscillations yielded an anticorrelated and direc-
tional movement of the bundles perpendicular to the oscillation axis,
reducing bundle interdistance and accumulating them at mid-cell
(Fig. 1d, Supplementary Movie 1). Subjected to the highly dynamic
MinDE pattern, the actomyosin bundles still showed positional fluc-
tuations at the GUV equator over time, butmaintained a perpendicular
orientation to the oscillation axis.

Subsequently, to test the robustness of the MinDE diffusio-
phoretic transport in our actin-based encapsulation system, we var-
ied the experimental conditions from our standard inner solution
mix. We found that, in the absence of myosin II, under varying
Ficoll70 concentrations (10-50 g/L), and employing different molar
ratios for fascin/actin (0.25 or 0.5) as well as MinD/MinE ratios (1 or
2), Min proteins were capable of actively arrangingmembrane-bound
actin bundles via diffusiophoresis when patterns different from
pulsing developed on the vesicle membrane. Importantly, and as
expected from our previous experiments, MinDE pole-to-pole pat-
terns rotated and positioned fascin-assembled actin rings in the
absence of myosin II, maintaining ring orientation perpendicular to
MinDE oscillations (Supplementary Fig. 2b). In addition, when MinDE
circling patterns emerged on vesicles containing fascin-bundled
actin rings, we observed that the frictional forces induced by the
directional MinD protein flux promoted the circular displacement of
one end of the ring towards the opposite end (Supplementary
Fig. 2c), resulting in the complete folding of the ring in less than
15minutes (Supplementary Fig. 2d). Moreover, we detected that
chaotic MinDE patterns—a dynamic mode in whichMin proteins bind
and unbind membrane areas in stochastic direction—could also alter
the distribution of actomyosin bundles and, in some instances,
buckle and collapse the network (Supplementary Figs. 1c, d).

Thus, our data demonstrate that theMinDE system canbe used to
regulate the spatiotemporal localization of membrane-bound acto-
myosin bundles and most importantly, position contractile

actomyosin architectures at mid-cell via its characteristic pole-to-pole
oscillation mode.

Equatorial constriction of vesicles induced by positioned acto-
myosin architectures
In our system, myosin II not only acts as a crosslinking agent but also
provides the contractile force required to induce membrane defor-
mations. Having shown that the MinDE system localized actomyosin
assemblies at the vesicle equator, we next investigated whether the
positioned contractile assemblies could generate furrow-like mem-
brane deformations.

First, to explore the contractile effect of myosin II on positioned
actin structures, we carried out encapsulation experiments at 0.25
and 0.5 fascin/actin molar ratio with 50 g/L Ficoll70 and examined
the vesicles presenting pole-to-pole oscillations with time-lapse
confocal microscopy. Interestingly, when we employed a 0.5 fas-
cin/actin molar ratio, mid-cell deformation induced by actomyosin
ring constriction could be observed (Fig. 2a). This furrow-like inva-
gination of the membrane, sustained over time (Supplementary
Movie 2), generated two lobes where MinD proteins continued
oscillating in a pole-to-pole pattern maintaining the localization of
the ring at mid-cell.

In line with these observations, we also detected vesicle defor-
mation at 0.25 fascin/actin molar ratio. Contrary to single rings, soft
actomyosin bundle networks positioned at the vesicle equator formed
a constriction band resulting in the loss of spherical vesicle shape
(Fig. 2b). In addition to this large-scale membrane deformation, the
vesicle presented an actin-filledmembrane out-bud at the constriction
site (Supplementary Fig. 3, Supplementary Movie 3). Although we
could not acquire the formation process of this bud, Litschel et al.
already reported on this type ofmembrane deformation, which results
from the sliding of actomyosin bundles along the membrane to one
side of the vesicle and their collapse into a condensate15. Notably, the
membrane bud we observed was localized closely to the actomyosin
band constricting the vesicle at the equator, while MinDE pole-to-pole
oscillations continued at the two hemispheres generated at each side
of the actomyosin band. To quantitatively assess vesicle deformation,
we calculated the vesicle aspect ratio (AR) as the ratio between their
major (a) andminor (b) axes. Inboth examples presented, aspect ratios
indicated a vesicle deformation towards a rod-like shape (AR < 0.9),
with the lowest AR obtained (0.75) 24 h after encapsulation, where a
vesicle with a centered actomyosin network exhibited a distinct elon-
gated shape (Supplementary Fig. 4a).

Furthermore, given that macromolecular crowders can impact
both actin bundle architecture and the mechanical properties of the
vesicle membrane28,29, we subsequently performed encapsulation
experiments at lower crowding concentration (20 g/l Ficoll70) and
found membrane deformations in line with those already showed.
Furthermore, under these experimental conditions, we detected an
example of eccentric membrane deformation caused by an actomyo-
sin ring when the established MinDE oscillation pattern inside the
vesicle was different from the pole-to-pole mode (Fig. 2c). More spe-
cifically, theMinDEpattern at the vesiclemembrane transitioned into a
circling and less dynamic MinDE oscillation (possibly due to ATP
depletion). Contrary to vesicles presenting mid-cell constriction, the
membranedeformationobserved induced a characteristic asymmetric
dumbbell shape with two differently sized sub-compartments. Never-
theless, this asymmetric deformation, sustained over time (average AR
over 20minutes = 0.79), did not collapse after more than an hour of
imaging (Supplementary Movie 4). Myosin II and ATP concentration
added were 0.05 µM and 5mM, respectively. Further experiments are
therefore required to find the optimal encapsulating conditions
enabling MinDE-stabilized rings positioned at mid-cell to undergo
progressive contraction and controllably reduce their diameter by the
action of myosin II motors.
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In summary, we show that MinDE pole-to-pole oscillations can
target the constriction of actomyosin architectures at the vesicle
equator, resulting in the generation of sustained furrow-like mem-
brane deformations.

MinDE-induced blebbing in reconstituted actomyosin vesicles
When thicker and more abundant actomyosin bundles developed at
themembrane in the formof soft webs, we detected the establishment

of more chaotic and static MinDE patterns. Thus, to further char-
acterize the system, we performed time-lapse imaging on vesicles
presenting chaotic or static-like MinDE patterns.

Interestingly, a large number of vesicles exhibiting these patterns
developed membrane deformations similar to bleb-like morphologies
(Fig. 3a, Supplementary Movie 5). To get further insights into the
underlying mechanism behind bleb formation, we analyzed the inter-
action between our co-reconstituted protein systems and the vesicle
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Fig. 2 | Positioned actomyosin rings and softwebs constrict vesicles atmid-cell.
a Schematic illustration behind the mechanism of membrane deformation. Con-
tractile actomyosin bundles positioned by MinDE proteins at mid-cell induce
furrow-like membrane invaginations. 3D projections and 2D confocal images show
an actomyosin ring constricting the vesicle at its equator. Orange lines indicate the
major (a) andminor (b) axesmeasured to calculate the aspect ratioof thedeformed
vesicle (for spherical vesicles: aspect ratio = 1). Inner solution mix: 4 µM actin, 2 µM
fascin (fascin/actinmolar ratio=0.5), 0.05 µMmyosin II, 50 g/L Ficoll70, 3 µMMinD,
3 µMMinE and 5mMATP. Scale bar: 10 µm. b Schematic illustration, 3D projections
and 2D confocal images of a vesicle containing a soft web of actomyosin bundles at
the vesicle center being positionedbypole-to-poleMin oscillations. The contractile

actomyosin band formed causes the deformation of the vesicle (aspect ratio < 1).
Inner solution mix: 2.4 µM actin, 0.6 µM fascin (fascin/actin molar ratio = 0.25),
0.05 µMmyosin II, 50 g/L Ficoll70, 3 µMMinD, 3 µMMinE and 5mMATP. Scale bar:
10 µm. c Schematic illustration, 3D projection and 2D confocal image of a vesicle
with a non-positioned contractile actomyosin assembly due to the loss in pole-to-
pole MinDE oscillations. Constriction of the actomyosin bundles results in the
deformation of the vesicle membrane into an asymmetric dumbbell shape. Scatter
plot depicts the aspect ratio of the vesicle at different time points. Inner reaction
mix: 4 µM actin, 2 µM fascin (fascin/actin molar ratio = 0.5), 0.05 µM myosin II,
20 g/L Ficoll70, 3 µMMinD, 3 µMMinE and 5mMATP. Scale bar: 10 µm. Source data
are provided as a Source Data file.
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membrane. Closer inspection of the blebs’ cross-sections revealed that
the actomyosin soft web inside the vesicle compartmentalized the
membrane into areas delimited by the peripheral attachment of bun-
dles (Figs. 3b, Supplementary Fig. 5a). Due to this compartmentaliza-
tion, container symmetry was lost and MinDE proteins generated a
chaotic oscillation capable of deforming the membrane. More speci-
fically, we found that the initial spontaneous curvature induced on
these compartments by MinDE binding increased as more MinD
molecules were recruited to the membrane, resulting in the outward

growth of the dynamic bleb-like protrusions (Fig. 3c, Supplementary
Fig. 5b). Subsequently, after MinDE-driven membrane deformations,
we observed that the reduction in bilayer tension and the recovery of
the initial vesicle shape was accompanied by the generation of a
membrane out-bud (Fig. 3a, blue arrows), which was not reabsorbed
into the mother vesicle (Supplementary Fig. 5c)30.

Furthermore, consistent with our previous observations and
simultaneous to this membrane remodelling effect, the diffusio-
phoretic transport of actomyosin bundles reorganized the network at
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the membrane. As a result, membrane compartments changed in size
and the oscillations maintained a chaotic mode inducing dynamic
blebs in other areas of the vesicle (Fig. 3b).

To further scrutinize the membrane-remodelling capabilities of
Min proteins along with our actomyosin architectures, we performed
encapsulation experiments at 0.5 fascin/actin molar ratio and calcu-
lated the curvature of the blebs observed. Similar to our non-deflated
vesicles encapsulated with 0.25 fascin/actin ratio, MinDE binding
induced blebbing in a subset of vesicles (Supplementary Movie 6).
Time-lapse imaging revealed thatMin proteins can induce blebswith a
wide range of curvatures (Κ, calculated as the inverse of the radius of a
circle that fits the bleb). As MinDE established a chaotic oscillation
inside the vesicle, small blebs (Κ = 0.73 µm−1), medium size
(Κ = 0.27 µm−1) and big (Κ = 0.10 µm−1) deformations emerged (Fig. 3d,
orange, blue, and magenta arrows, respectively).

Hence, our results show that, when co-reconstituted with acto-
myosin bundle networks, the MinDE system can generate dynamic
bleb-like outward protrusions in vesicles encapsulated at iso-osmolar
conditions, confirming its capabilities as a membrane remodelling
protein system as previously observed27,31.

Co-reconstitution of actomyosin bundle networks and the
MinDE system in phase-separated vesicles show remodelling of
membrane domains
Lastly, to increase the complexity of the system and test its compat-
ibility with other shape-remodelling strategies, we first tested its
reconstitution in vesicles of ternary lipid mixtures. Due to their tune-
able mechanical and biochemical properties, phase-separated lipid
membranes constitute another approach to aid in the remodelling of
biomimetic systems by altering membrane curvature, fluidity, etc32–34.
Furthermore, two-phase vesicles constitute an additional strategy to
study the reorganization and deformation of free-standing lipid
domains by actomyosin networks35–37.

To achieve the co-reconstitution of the two protein systems in
GUVs with phase-separated lipid domains we again employed the
double emulsion transfer method. At room temperature (25 °C), GUVs
demixed into coexisting Liquid-ordered (Lo) and Liquid-disordered
(Ld) domains, where Ld domains consisted of DOPE-Biotin to facilitate
actin binding (Fig. 4a). To study the successful reconstitution of the
system inside phase-separated vesicles, we again performed time-
lapse confocal imaging and observed thatMin proteins could oscillate
by binding to Ld domains on the vesicle membrane. Notably, due to
the high frequency of soft actomyosin bundle webs formed, MinDE
proteins also established chaotic oscillations on the Ld domains of the
vesicle. The flexible bundles, however, spanned and crossed both lipid
domains.

Interestingly, MinDE-driven diffusiophoretic transport displaced
the actomyosin bundles bound at Ld/Lo boundaries, reorganizing the
actomyosin network inside the vesicle. Moreover, consistent with our
previous experiments performed on single-phase GUVs, MinDE bind-
ing to areas delimited by actomyosin bundles at domain boundaries

deformed Ld domains into dynamic bleb-like protrusions (Figs. 4b,
Supplementary Movie 7). In contrast to studies in which bulging or
budding of phase-separated GUVs is externally induced by tuning
membrane composition or changing osmotic conditions, and where
deformations arise by an imbalance between surface tension and
interfacial line tension34,38, our phase-separated GUVs remained sphe-
rical over time in the absence of Min proteins, and no deformations in
the form of blebbing or budding were observed (Supplementary
Figs. 6, Supplementary Movie 8). Only in the presence of MinDE
oscillations in GUVs containing actomyosin networks, timelapses
showed the active—i.e., energy-consuming—deformation of Ld
domains into outward blebs (Fig. 4c). During the course of these
transient outward deformations, we also observed the remodelling of
domains at the membrane such as their maneuvering followed by
splitting (Supplementary Movie 7). As a result of MinD binding to Ld
domains, the initial demixing of lipid phases on the vesicle thus
changed, and domain reorganization occurred on the entire vesicle.
Interestingly, while the resultant dynamic protrusions in the mem-
brane comprised of Ld domains, Lo domains stayed intact.

In addition, to test the compatibility of our system with other
membrane-based strategies for the enhancement of GUVdeformation,
we generated vesicles containing DOPE, a lipid with intrinsic negative
curvature due to its inverse-cone shape39. Although the yield of vesicle
production dramatically decreases at 15% DOPEmolar ratio, successful
encapsulation of our co-reconstituted system is possible when 10%
DOPE is added to the lipidmix togetherwith 60%POPCand 30%POPG.
Importantly, in vesicles generated under these conditions, we
observed generation of the three standard Min oscillations,
actomyosin-driven equatorial deformation of vesicles and the forma-
tion of highly protruding blebs due to MinDE chaotic oscillations
(Supplementary Fig. 4b).

In conclusion, we demonstrate that the co-reconstitution of Min
proteins and actomyosin can deform DOPE-containing and complex
ternary vesiclemembranes, and dynamically remodel phase-separated
lipid domains by rearranging and reshaping them on the membrane.

Discussion
In this study, we have successfully co-reconstituted contractile acto-
myosin rings and other assemblies with a protein-based spatial posi-
tioning toolset, theMinDE system.Our results demonstrate that, under
optimal encapsulating conditions, actomyosin bundles can be spatio-
temporally controlled at the membrane and positioned at mid-cell via
pole-to-pole MinDE oscillations. Notably, the positioned bundles, due
to their contractile nature, inducedmembrane deformations, breaking
GUV spherical symmetry and generating furrow-like invaginations. In
addition to the observed actomyosin-driven membrane remodelling,
we provide direct evidence that MinDE proteins generate dramatic
bleb-like deformations upon dynamic binding to the membrane,
another source of symmetry breaking for the GUVs. Thus, our findings
lend further credence to the hypothesis that the diffusiophoretic
function of theMinDE systemcanbe exploited tomaintain actomyosin

Fig. 3 | MinDE-induced blebbing in vesicles containing reconstituted acto-
myosin architectures. a Schematic illustration depicting the change in vesicle
shape due to MinDE chaotic oscillations. Min proteins attach to areas delimited by
soft actomyosin bundles and deform the membrane generating dynamic bleb-like
protrusions. Fluorescence and brightfield confocal time-series show a blebbing
vesicle. After bleb retraction, the reduction in bilayer tension generates an outward
lipid bud (blue arrows). Encapsulation conditions: 2.4 µM actin, 0.6 µM fascin,
0.05 µMmyosin II, 50 g/L Ficoll70, 3 µMMinD, 3 µMMinE and 5mMATP. Scale bars:
10 µm.bConfocal cross-section images at two timepoints of the vesicle in sectiona.
Peripheral actomyosin anchoring creates a delimiting area which deforms upon
MinDE binding. Additionally, MinDE diffusiophoretic transport changes the posi-
tion of actomyosin bundles and the shape of the membrane area available for Min
protein recruitment (blue arrows). Fluorescence intensity line plots of EGFP-MinD

(green) and ATTO647-actin (magenta) demonstrate the demixing of both protein
systems at the membrane perimeter (orange dotted line). Scale bars: 10 µm.
c Schematic illustration of the proposed mechanism behind MinDE-induced bleb-
bing. The recruitment of MinDE proteins to the compartmentalized inner leaflet of
the bilayer generates the effect of a membrane outward protrusion in bleb form.
d Schematic illustration depicting the radius of curvature RC used to calculate the
curvature (Κ = 1/RC) of the blebs. 3D projection and 2D time-lapse confocal images
show a vesicle with diverse bleb-like deformations emerging over time. Orange
arrow points at a bleb with Κ =0.73 µm−1. Blue arrow, Κ =0.27 µm−1. Magenta arrow,
Κ =0.10 µm−1. Encapsulation mix: 4 µM actin, 2 µM fascin, 0.05 µMmyosin II, 50 g/L
Ficoll70, 3 µM MinD, 3 µM MinE and 5mM ATP. Scale bars: 20 µm. Source data are
provided as a Source Data file.
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ring localization at mid-cell, one of the key milestones so far not suc-
cessfully reported in the eukaryotic-based approach to synthetic cell
division.

It should be noted that, after the adjustment in encapsulating
conditions, our reconstitution conclusively showed the robustness of
the MinDE system when integrated with the contractile actomyosin
toolset. Not only did we observe the main MinDE-oscillation pheno-
types extensively reported in past studies9,27, our results also indicate
that the establishment of Min patterns on the membrane had no det-
rimental effect of the formation of lipid-linked actomyosin structures.
Indeed, we observed an increase in the frequency of GUVs containing
membrane-bound rings when Mins were part of the inner encapsula-
tion mix. Moreover, in agreement with previous MinDE geometry-
sensing studies and the spatiotemporal feedback observed with
FtsZ40,41, our results demonstrate that Min oscillations orient them-
selves in a pole-to-pole fashion perpendicular to the spatially posi-
tioned ring structures while vesicles acquired ellipsoidal shape due to
actomyosin contraction, an important aspect to consider as constric-
tion progresses.

Alternative strategies for ring localization, like the use of micro-
fluidic traps and curvature inducing/sensing biomolecules (e.g., sep-
tins, BAR domains, DNA origami), propose the use of external
mechanical forces or biomolecules to generate a furrow-like negative
curvature that could favor ring assembly42–46. However, due to pro-
gressive membrane deformation, ring alignment could be lost42. The

MinDE system, by contrast, dynamically responds to vesicle shape
changes, as MinDE pole-to-pole oscillations block any membrane
binding on the poles, thereby enabling the targeting of mechanical
forces at the center9. Nonetheless, to keep the actomyosin ring inplace
and prevent slippage of the bundles on themembrane, future research
should investigate the co-reconstitution of scaffold (e.g., anillin, sep-
tins) and severing/de-polymerizing proteins to increase turnover
dynamics within actin bundles at themembrane asmyosin contraction
remodels the ring47,48.

Besides accomplishing the active positioning of actomyosin
architectures, time-lapse imaging revealed a surprising finding, the
MinDE-driven blebbing of vesicles. In vivo, blebbing occurs at the cell
poles as a mechanism to reduce cortical tension and ensure the sta-
bility of cellular shape during eukaryotic cytokinesis49. In our in vitro
reconstitution, however, blebs originate because of a chemo-
mechanical force induced by MinDE on free-standing membranes
and constitute a source of asymmetric remodelling of the
membrane50,51.

Interestingly, whereas previous studies on Min proteins enclosed
in GUVs have shown shape fluctuations in vesicles due to dynamic
MinDE pulsing patterns under hypertonic and (near)-isotonic
conditions27,31,52, our results reveal MinDE-driven deformations of
localized membrane regions which bend away from the inner leaflet
whereMin proteins attach. This observation leads us to speculate that
the dramatic bleb-like protrusions shown here are due to confinement
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Fig. 4 | MinDE-induced bleb morphologies on phase-separated GUVs with
encapsulated actomyosin architectures. a Schematic illustration (top) and 3D
confocal image (bottom) show the membrane composition employed to generate
phase-separated vesicles and the domains obtained. Scale bar: 10 µm. b 3D pro-
jections and 2D confocal images depict a blebbing phase-separated vesicle. MinDE
proteins bind and oscillate on Ld domains. Actomyosin bundles remain at lipid-

phase boundaries as Min proteins transiently deform Ld domains (orange arrows).
Inner encapsulation mix: 2.4 µM actin, 0.6 µM fascin (fascin/actin molar ratio
= 0.25), 0.05 µM myosin II, 20 g/L Ficoll70, 3 µM MinD, 3 µM MinE and 5mM ATP.
Scale bars: 20 µm. c Schematic illustration of the proposed mechanism behind the
dynamic deformation of Ld domains by MinDE protein oscillations.
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effects induced by actomyosin bundles acting as lateral diffusion
barriers forMin protein fluxes53. Consequently, and in accordancewith
previous studies, this partitioning of the vesicle membrane would in
turn alter the membrane-to-bulk ratio and thus MinDE membrane
kinetics9,40. The exact structural mechanism by which Min protein
dynamics may induce local membrane deformations still remains
opaque. Although previous reports have indicated the ability of Min
proteins to increase membrane viscosity and change membrane
topology by inserting their alpha helix54,55, these two effects would not
explain the outward budding force observed here30,56. Furthermore,
while MinD-ATP forms flexible 2D oligomers on membranes, possible
scaffolding effects due to their clustering at the inner leaflet remain
unknown, and a potential intrinsic curvature of these oligomers is yet
to be elucidated57–59.

However, numerous theoretical and in vitro studies have already
reported on the forces induced by reaction-diffusion systems such as
Min proteins to deform open or confined dynamic surfaces31,51,60,61.
More specifically, Fu et al. showed that only in the presence of MinE
and ATP, MinDE oscillations could generate up to ~0.84 pN forces
resulting in membrane extension and spreading of flat vesicles31. In
contrast to other non-oscillatory protein-binding systems, which were
shown to induce an opposite bending curvature due to protein-
crowding effects56,62, our MinDE protein system presents non-
equilibrium dynamics at the inner leaflet and oscillatory membrane-
bulk exchange due to ATP consumption. Therefore, to explain the
outward membrane bending in our blebbing vesicles, we hypothesize
that reactive MinDE fluxes localized to bundle-delimited regions exert
an osmotic pressure arising from ATP-driven forces with normal
components (Fig. 3c)53,63. In particular, the collisions resulting from the
dynamic and highly cooperative binding and disassociation of MinD
and MinE on the membrane patches, and the protein gradients gen-
erated on the proximal bulk, could first drive the straightening of
nanoscale membrane undulations to release newmembrane area, and
ultimately, lead to outward blebbing54,64.

Nevertheless, as some phenomenological aspects of the MinDE-
membranedynamics are still under investigation58,65, future theoretical
studies using modelling approaches combining reaction-diffusion
dynamics and deformable surfaces should provide further insights to
analyze this non-equilibrium process and underpin the precise mole-
cular mechanism by which MinDE reactive fluxes are translated into
shape-remodelling forces.

In addition, we observed an interestingmechanical effect on actin
bundles themselves, arising via diffusiophoresis fromMinDE dynamic
patterns like chaotic or circling oscillations. Interestingly, time-lapse
imaging showed bundles bending, collapsing, and stretching due to
the diffusiophoretic frictional force of MinD fluxes. Thus, the system
here reconstituted presents itself as another approach to study the
crosslinker-dependent mechanical properties of actomyosin bundles
and investigate the extent of diffusiophoresis when stiff supramole-
cular structures are bound to the membrane.

Importantly, and in accordance with previous studies, we
observed actomyosin-driven deformation of GUVs under (near)-iso-
smotic conditions towards both ellipsoidal and asymmetric lobe
shapes15,16. In this context, Bashirzadeh et al. calculated the force (~176
pN) generated by actomyosin rings on GUVs to induce asymmetric
dumbbell deformations similar to those we observed (Fig. 2c)16. In
contrast to bleb-likemorphologies (Figs. 3 and 4), where forces arising
from Min oscillations were essential to generate these deformations
(Supplementary Fig. 6), in this study we also showed vesicles that
exhibited sustained equatorial constriction and asymmetric dumbbell
shape after Min oscillation decay on the membrane (Fig. 2, Supple-
mentary Movie 4). This observation therefore suggests that, in these
vesicles, the actomyosin bundles pinching the membrane are solely
responsible for the sustained deformation obtained, and the observed
constriction force (three orders of magnitude higher than the oneMin

proteins could generate) is similar in nature to that characterized by
Bashirzadeh et al.

However, after the stalling of myosin II on bundles occurred,
contraction was arrested and deformation did not progress. It should
be borne inmind that, in our system,myosin II also crosslinks actin and
consumes ATP, an energy source employed by actin as well as MinD.
Thus, we consider reasonable to suggest that under our encapsulating
conditions with fascin as bundling agent, myosin II contracts the actin
assembly until it reaches full condensate formation or stalls due to a
compacted actin architecture or ATP shortage28,66.

Enhancement of actin contraction is an important aspect that
requires improvement, as our actomyosin architectures become
stagnant over time and progression of the cytokinetic contraction is
hampered. To effectively achieve a controlled contraction of the ring
and its decrease in diameter on the membrane, there are a few
approaches that could be implemented in our system. From the acti-
vation of latent myosin II with blebbistatin to trigger contraction late
after encapsulation67,68, to the assembly of a mix-polarity cortex
remodelled by actin turnover (naturalistic route for synthetic
division)10,47,66, the use of this motor protein could render promising
results. Alternatively, as Kučera et al. showed13, an interesting element
that could substitute or supplementmyosin activity is anillin, a passive
actin crosslinker capable of generating contractile forces. Regardless
of the approach, future studies with optimized contractile toolsets
could include the MinDE system to efficiently position these actin-
based assemblies at mid-cell and deform lipid vesicles.

Collectively, the findings here provide a potential avenue for the
equatorial localization of contractile actomyosin rings and the spatial
targeting of mechanical forces at the vesicle membrane. Hence, being
one step closer to a well-defined self-division of artificialminimal cells,
future investigations should consider expanding the system recon-
stituted here with other division toolsets like a membrane expansion
system to engineer membrane growth, an imperative to achieve sus-
tained synthetic division.

Towards the integrationof different functionalmodules to build
a synthetic cell
In conclusion, we show that positioning and confinement of con-
tractile actomyosin rings in vesicles to a defined zone of future con-
striction, ideally in the equatorial region, is possible by employing the
versatile MinDE protein system. We thus provide an example of a
successful synthetic integration of functional toolkits from different
organisms for the division of minimal vesicular systems. As synthetic
biology strives to achieve the construction of an artificial cell, minimal
modules reconstituted separately must be combined. Working
towards the optimization of experimental conditions to meet the
needs of all components may be the next challenge of the field.
However, the efforts to interlace diverse functional modules might
provide the field with interesting outcomes, like emergent protein
functions or unexpected advantageous effects arising from the inter-
play of completely unrelated families of biomolecules.

Methods
Proteins
Actin (alpha-actin skeletal muscle, rabbit), ATTO647-Actin (alpha-actin
skeletal muscle, rabbit) and Biotin-Actin (alpha-actin skeletal muscle,
rabbit) were purchased from HYPERMOL (Germany). Myosin (rabbit
muscle) was purchased from Cytoskeleton Inc (Tebubio GmbH,
Offenbach, Germany). Fascin (human, recombinant) was purchased
from Cytoskeleton Inc (Tebubio GmbH, Offenbach, Germany) and
HYPERMOL (Germany). Stock solutions for all purchased cytoskeletal
proteins were obtained by following the handling instructions of the
manufacturer. Stock solutions of neutravidin (ThermoFisher Scientific
Inc.,Massachusetts,USA, Cat# 31000)wereprepared by dissolving the
protein in water according to reconstitution instructions.
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MinE-His, His-MinD and His-EGFP-MinD were purified as descri-
bed in previous reports69,70. Briefly, His-tag carrying proteins were
purified via affinity chromatography using Ni-NTA columns. Trans-
formed E.coli BL21 cells were lysed by sonication and cell lysates were
centrifuged to discard debris. Supernatants were loaded into Ni-NTA
columns and proteins were eluted in storage buffer (50mM HEPES,
pH 7.25, 150mM KCl, 0.1mM EDTA, 1mM TCEP, 10% Glycerin). Pro-
tein purity was confirmed via SDS-PAGE. Protein concentration and
protein activity were determined via Bradford assay and ATPase
assay, respectively.

Crowder and density gradient solutions
BSA (Sigma-Aldrich, St. Louis, USA, Cat# A6003) stock solutions were
prepared by dissolving the lyophilized powder in Millipore water at
~100 g/L as previously described9. To remove undesired debris from
BSA solutions, three washing steps were performed with Millipore
water using Amicon Ultra-0.5 centrifugal filters 50kDa MWCO (Merck
KGaA, Darmstadt, Germany). Concentration of final stock solutions
(ranging from170 to 300g/l)weredetermined viaBradfordAssays and
stored at -20 °C. Ficoll70 (Sigma-Aldrich, St. Louis, USA, Cat# F2878)
was dissolved in Millipore water and left at 4 °C in a rotary shaker for
24 h. Stock concentrations were calculated from theweight of Ficoll70
added and the final volume of solution obtained (625 g/L).
Ficoll70 stocks were subsequently stored at -20 °C. 60% Iodixanol
(OptiPrepTM, Cat# D1556) was purchased from Sigma-Aldrich (St.
Louis, USA).

Vesicle production
All lipids were purchased from Avanti Polar Lipids (USA). For single-
phase vesicles, a lipid-oil emulsion was prepared by dissolving 1-pal-
mitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho(1’-rac-glycerol) (POPG) and 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(capbiotinyl) (sodium salt) (18:1
Biotinyl CAP PE) at a 6.9: 3: 0.1molar ratio in 2.5 g/L final concentration
and drying the mixture for 15min under a nitrogen stream. In the case
of experiments employing 1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine (DOPE), a mixture of POPC, POPG, Biotinyl CAP PE and DOPE
were prepared in a 6: 3: 0.9: 0.1 molar ratio. For all lipid mixes, to
ensure full evaporation of chloroform, mixtures were placed in a
vacuum-sealed desiccator for at least 2 h. Inside a glove box (right
before encapsulation experiments) 37.5 µL of decane (TCI Deutschland
GmbH,Germany)was added to thedried lipidfilm and, oncedissolved,
1mL mineral oil (Carl Roth GmbH, Germany) was added and the lipid-
oil suspension vigorously vortexed until a clear solution was obtained.
For phase-separated vesicles, the lipid mix used was DOPC: DOPG:
DPPC: DPPG: Chol (17.5: 7.5: 31.5: 13.5: 30) labeled with 0.001mol%
ATTO-655 DOPE binding to the Ld phase. The lipid mix (3.2mM) was
dissolved in chloroform and dried in a glass vial under N2 flow for
~15minutes. The dried film was then suspended in amixture of decane
(20 µL) and mineral oil (480 µL) and sonicated at elevated tempera-
tures for ~30minutes. Both single single-phase and phase-separated
GUVs were produced with the double emulsion transfer method fol-
lowing a recently reported protocol for vesicle generation with pur-
ified proteins in 96 well-plates9,71. To ensure iso-osmolar conditions
between the inside and outside of GUVs, the osmolarity of inner
encapsulating solutionswasmeasuredwith a osmometer (FiskeMicro-
Osmometer model 120, Fiske Associates, Norwood, MA, USA) and
outer glucose solutions withmatching osmolarities were used as outer
aqueous environment where GUVs are collected after production for
subsequent imaging. The density of the inner mixture depends on the
experimental conditions tested but to generate all the vesicles here
reportedwe centrifugedwell-plates at 600× g for 10min. In the caseof
single-phase vesicles centrifugation was performed at RT. For phase-
separated GUVs, well-plates were centrifuged at 37 °C and the sample
was allowed to cool to RT for ~30min before imaging.

Encapsulation of the system in single and double-phase GUVs
Depending on the experimental conditions tested, the final con-
centrations of the proteins varied but the procedure remained the
same. All the steps were performed on ice except for the final encap-
sulation on 96well-plates. First, we prepared a 35 µMactinmix (A-Mix)
comprised of 86% G-actin, 10% ATTO647-actin and 4% biotinylated
actin in water. Once we were ready to encapsulate, we prepared the
following inner reaction mix: 4% OptiPrepTM, 0.01 g/L Neutravidin,
10 g/L BSA, 10-50 g/L Ficoll70, 3-3.2 MinD (70% His-MinD, 30% EGDP-
MinD), 1.6-3 MinE, 1.5-4 µM Actin (from the A-Mix), 0.3-2 µM fascin,
0-0.05 µM Myosin and 5mM ATP (frozen stocks supplemented with
5mMMgCl2) in a final buffer concentration of 50mMKCl, 10mMTris-
HCl and 5mM MgCl2. To ensure no pre-polymerization, bundling or
contraction of actin occurs prior encapsulation, actin, fascin, myosin
and ATP were added in that order seconds before generating the
vesicles via centrifugation.

Fluorescence microscopy
Imaging of vesicles was performed on a LSM800 confocal laser scan-
ning microscope using a C-Apochromat 40 × /1.2 water-immersion
objective (Carl Zeiss, Germany). Fluorophores were excited using
diode-pumped solid-state lasers: 488 nm (EGFP-MinD) and 640nm
(ATTO647-Actin).

Image analysis
Processing and analysis of all acquired images were conducted using
Fiji (v1.53f51)72, a custom-written script in MATLAB (R2022a) and Ori-
ginPro (2021b), the latter also being used for plotting datasets.
Z-Stacks were reconstructed in Fiji using the Standard Deviation
Z-Projection. For kymographs, the Multi Kymograph function was
used and ROIs were drawn manually following the GUVs’ fluorescence
intensity at their equatorial cross section with the free-hand selection,
fitting them to splines before kymograph retrieval. For aspect ratio
calculations, Fig. 2a, b and Supplementary Fig. 4a GUVs were traced by
hand using the free-hand selection and major and minor axes were
retrieved from Fiji measurements. For Fig. 2c, all time frames from the
EGFP channel were processed first with a Gaussian filter of radius 1 and
then Otsu-thresholded (frames where GUV contours where incorrectly
thresholded were discarded). After filling holes, ROIs retrieved from
the particle analyzer were fitted to an ellipse tomeasure themajor and
minor axes. Intensity profiles in Fig. 3bwere obtained applying the Plot
Profile Fiji function to segmented lines after being fitted to splines. For
thewaterfall 3Dplot in SupplementaryFig. 5b, a 5 µmintensity line-plot
at the bleb was drawn in Fiji to obtain fluorescence intensity values at
six different time points. The data were plotted in Origin using the 3D
waterfall plot. In Fig. 3d, curvatures were calculated by drawing ROI
circles fitting the blebs and retrieving radii measurements from Fiji.

Analysis and quantification of actomyosin phenotypes
inside GUVs
For Fig. 1c, data for both fascin/actin molar ratios studied were
obtained by acquiring Z-stacks of 3 separate experiments (triplicates
for presence and absence of Min proteins) after Min oscillation decay
for those where Min proteins were added. 150 GUVs of different sizes
taken from these 3 experimental runs were pooled and analyzed
together. Those presenting encapsulated actin bundles were classified
into four categories (rings, asters, stiff-straight bundles and soft webs)
by analyzing the acquired Z-stacks and their Standard Deviation
Z-Projection. GUVdiameters were obtained bymanually drawing circle
ROIs at the vesicle equator and vesiclesweregrouped into 4 categories
according to their size. GUVs with no actin assemblies inside were not
considered for the analysis. Frequencies were calculated from the
number of vesicles belonging to each actin-assembly category and the
total number of pooled GUVs analyzed per condition (150 vesicles).
Datasets were normalized using the total number of vesicles analyzed

Article https://doi.org/10.1038/s41467-024-54807-9

Nature Communications |        (2024) 15:10415 10

3. Publications

62



in each size group. For Supplementary Fig. 1a, three independent
experiments were perfomed with a total of 336 GUVs analyzed per
experimental run (GUVs analyzed per timepoint = 112). GUVs with a
diameter above 25 µm were not considered for the analysis. To be
rigorous on the time, 1 hour was considered as the first timepoint as it
takes ~20min for vesicle production and ~30min to complete the
acquisition of a high-resolution Tilescan in 3D. Samples were kept at
20 °C and later imaged at 7 and 24 h.

Analysis of MinDE-induced folding of actin bundles
To quantify the angle between the two bundle ends attached to the
vesicle membrane, the equator of the ATTO647-Actin channel was
taken, and this time-series segmented using the “Moments” threshold
method. To automatically detect both bundle ends as features and
track their position over time, the Fiji plugin ‘TrackMate’ was
employed73. The LoG detector was configured with threshold 7, radius
6 px, median filtering, and subpixel localization. Coordinates of the
spots detected (twoper time framecorresponding to the bundle ends)
were obtained with TrackMate’s Simple LAP tracker using the follow-
ing settings: linkingmax distance 1 px, gap-closingmax distance 15 px,
gap-closingmax frame gap 1. The angles between the two bundle ends
over time were obtained with a MATLAB custom script taking spot
coordinates as vector with the vesicle’s center point as origin.

Statistics & reproducibility
Sample sizes for vesicle classification were not predetermined prior to
experiments. The sample size was chosen from a standard number
relevant for the field and taken from at least three independent repli-
cates (total number of GUVs analyzed per experimental run between
150 and 336, number specified in each figure caption). Employing this
sample size for vesicle classification allowed actin morphologies to be
clearly distinguished and classified with sufficient representation.
Exclusion criteria was pre-established before data analysis. Vesicles
containing two different actin phenotypes in their lumen and vesicles
with encapsulated lipid or protein aggregates were excluded to ensure
that only high quality GUV data was employed in this study. Empty
vesicles were not taken into consideration for Fig. 1c but we analyzed
their frequency in Supplementary Fig. 1b.

For actin phenotype classification in Fig. 1c, three independent
experimental replicates were performed for each condition and GUVs
from these replicates were pooled together for their analysis. For
Supplementary Fig. 1b, three independent experimental runs were
performed, with a total of 336 GUVs analyzed per experimental run
(GUVs analyzed per timepoint = 112). All qualitative data in the form of
microscopy images were replicated with at least ten independent
experiments for each protein molar ratio specified. From these
experiments (n = 25) diffusiophoresis, blebbing and membrane
deformations were observed onmany different vesicles fromdifferent
experimental runs confirming their reproducibility. The vesicles with
the most notable effects were then chosen for the analysis. For phase
separation experiments, three independent control experiments were
performed. For the encapsulation of actomyosin with Min proteins
inside phase-separated vesicles, five independent encapsulation
experiments were performed and similar results observed. Finally, the
experiments were not randomized and the investigators were not
blinded to allocation during experients and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data sets supporting the findings of this study are provided in the
Source Data file. The Source Data have been deposited in the Figshare

database under accession code: https://doi.org/10.6084/m9.figshare.
2689382274. Due to large file size, the original acquired images and
timelapse videos are freely available upon access request. This access
can be obtained by contacting the corresponding author, who will aim
to process requests within a week. Source data are provided with
this paper.

Code availability
The customMATLAB script employed to calculate the folding angle of
actin rings over time is available with full access in the GitHub repo-
sitory: https://github.com/MariaReverteLopez/Ring-Folding-Analysis-
inside-GUVs.
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4 Discussion

In this thesis, I describe my contributions to the field of synthetic biology, more specifi-
cally to the efforts towards the reconstitution of an artificial cell capable of division. By
adhering to a multidisciplinary approach, I employed a diverse assortment of technologies
and methods that allowed me to show the applicability of biochemical findings across disci-
plines. From 3D-printing of microstructures employing 2PP lithography to the production
of vesicular systems via encapsulation methods, the research presented here showcases a
wide variety of in vitro reconstituted models and the technologies involved in their study
and integration.

While collaborating with Dr. Adrián Merino Salomón and Svetozar Gavrilovic (publi-
cation P1), the fabrication of microswimmer-like robotic structures allowed us to explore
the use of the MinDE system as a micropatterning tool for biomedically-relevant microcar-
rier technologies. Through surface chemistry modifications and the alteration of MinDE
dynamics with crowding agents, we demonstrated that this bacterial protein system can
be employed as a benign positioning module for the functionalization of microswimmer
surfaces and cargo-delivery systems like giant vesicles with bioactive molecules.

Confirming the robustness of this MinDE positioning module, I then set out to harness
its capabilities to provide an alternative solution for the control of actomyosin-based divi-
sion rings inside vesicles. The positioning of eukaryotic-based synthetic rings via MinDE
oscillations demonstrated in publication P2 marks an important milestone for this syn-
thetic division approach. The spatiotemporal control of myosin-driven forces at the equa-
tor yielded vesicles with mid-cell deformations, providing an example of a self-assembled
and self-organized system with no external aid for contractile ring localization. Further-
more, by doing so, I have addressed one of the current challenges in the synthetic biol-
ogy field: the design of a system from the modular assembly of independent components
which exhibit singular functions both separately and co-reconstituted inside cellular mim-
ics. In agreement with the field’s predictions regarding the combination and integration
of synthetic modules, closer inspection of the reconstituted system uncovered emergent
behaviours arising from MinDE oscillations, such as the outward deformation of vesicles
and the remodelling of phase-separated lipid domains.

67



4. Discussion

In the following sections, I will discuss the two studies included in this thesis in detail,
with particular emphasis on the new questions this research has unveiled and the potential
future avenues to overcome some of the new challenges posed.

4.1 Beyond in vivo functions: applications of the MinDE
system as a micropatterning tool

Studying the mechanistic intricacies of the MinDE system has enabled the in-depth charac-
terization of its properties and features. The more we uncover, the greater our inventiveness
is incited. One clear example is the study by Heeermann et al. [345]. Utilizing MinDE
protein pattern formation as a visual readout for biomolecular interaction screening, this
study evidences how exploiting an apparently trivial protein system can yield applications
beyond its in vivo context.

Besides its use as a generic sensor, in publication P1, we show another potential ap-
plication of the MinDE system: its use as a micropatterning and positioning tool. In
the fabrication of microactuators and microcarriers for biomedical purposes such as di-
agnostics and active drug delivery, researchers currently struggle to develop strategies to
increase their chemical versatility and expand their functions. To enrich printed structures
and liposomes with new capabilities that could translate into novel applications, some
of the developed methods for surface functionalization rely on complex and limiting ap-
proaches. On the one hand, although current optical and chemical patterning techniques
for 3D-printed microswimmers offer simultaneous and post-fabrication surface modifica-
tions, the margin for improvement and refinement is still ample. Some of these approaches
involve light-addressed spatial activation of a photoresist mixed with the reaction moieties
to be patterned, which limits the selection of functional biomolecules to those resistant to
photodamage and also requires custom laser setups and specific polymer base precursors
[346, 347]. On the other hand, conjugation methods to decorate microcarriers like lipo-
somes still require further development. Although their cell-membrane coating can engage
in biomimicry and biofouling functions via affinity-ligand anchoring, the controlled topo-
logical distribution and asymmetric density arrangement of molecules for applications like
T-cell activation remains a challenging feat [348, 349].

In this regard, identifying this gap in patterning technology led us to investigate whether
Min proteins could spatiotemporally control molecules on the surface of these microcar-
rier systems. To this end, employing the surface functionalization approach developed by
Eto et al. [135], we 3D-printed microswimmer-like robots, coated their surface with lipid
bilayers, and demonstrated that quasi-stationary MinDE patterns can position bioactive
molecules and tethered PEG chains via diffusiophoresis. Given that this is a post-printing
type of functionalization, we showed that Min proteins offer a versatile way to design and
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use microrobot surfaces. For instance, due to their ability to non-specifically sort cargo
molecules, simultaneous multi-patterning with several biomolecules can be achieved [350].
Conversely, if sequential patterning in controlled steps is required, or MinDE removal is
needed, experiments performed with Svetozar Gavrilovic demonstrated that crosslinking
of reactive biomolecules (e.g., DNA origami) before MinDE washing provides stable and
long-lasting biomolecule patterns, which remain unaltered for at least 24 hours (see Ap-
pendix III, Figure III.1). Moreover, if anti-correlated patterns of two distinct molecules
are desired, conjugation of one of the molecules to the MinD-binding sequence of MinC
(residues RSGQ in E.coli) could allow its transport to areas of high MinD density.

Similarly to other studies performed on SLBs, we observed that some of the molecules
employed as cargo had a distinct “narrowing” effect on the MinDE patterns formed on our
microswimmer structures. In particular, the crowding agent PEG had the most significant
impact on the distribution and distance between MinD maxima (also termed as pattern
sharpening). Although this is expected from membrane-bound molecules with high effec-
tive size (high membrane footprint) [334], recent studies have now started to investigate
the underlying mechanism by which diffusiophoretic transport affects reaction-diffusion sys-
tems. More specifically, the model parameters and conditions behind the diffusiophoretic
sharpening of Turing patterns [351]. Thus, our 3D-printed membrane models could pro-
vide an additional platform to carefully study this phenomenon in vitro and complement
simulation and numerical models.

Furthermore, high-resolution printing of microstructures through 2PP and their surface
chemistry functionalization with lipids are two emerging technologies suitable for the in-
depth study of protein systems and their geometry-sensing properties. Interestingly, this
is the case of Min proteins. As shown by past studies employing confined 3D systems and
reconstituted 2D membranes, Min proteins have cell geometry detection mechanisms, and
not only do they sense 3D shape, buy they also adapt to it [121, 314]. Therefore, studying
the effect of varying 3D geometries on quasi-stationary Turing patterns and their diffusio-
phoretic transport of molecules might provide further insights into their self-organization
principles. Indeed, when I performed patterning experiments on complex microstructures
of varying curvatures and topologies, MinE minima aligned at concave (negatively curved)
groove regions (see Appendix III, Figure III.2b). More precisely, MinE densities appeared
to follow the circumferential shape of the 3D structure, creating concentric circles in deep
and wide concave regions. Although a thorough analysis of these phenomena will require
the use of computational models to describe MinDE self-organization dynamics, these
preliminary experiments confirm cargo patterning on other complex 3D structures and
showcase their potential application for future geometry-sensing studies.

Finally, together with microswimmers, we also achieved the formation of quasi-stationary
Turing patterns inside GUVs, which enabled the patterning of MTS-bound FtsZ-mCherry
bundles into spot or mesh distributions. The key to the formation of such patterns was the
encapsulation of the crowding agent Dextran70 at high concentration (100 g/L). Studies
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on the effect of BSA and other crowding molecules have previously revealed that their
addition to in vitro reconstituted assays has a direct effect on MinDE dynamics [352, 305].
Indeed, the wavelength and wave velocity of MinDE dynamic patterns decrease, and the
transmission of lateral spatiotemporal information appears to be impaired [335, 122]. As
suggested by these findings, depletion forces and the increase in solution viscosity induced
by crowding agents might change the reaction rate and diffusion constants of Min proteins
at the membrane and alter the protein gradients formed in the bulk [122]. Therefore,
the quasi-stationary patterns observed in P1 may arise from crowding-mediated effects on
MinDE diffusivity and reaction kinetics, which facilitated the stable positioning of FtsZ-
mCherry-mts filaments (a cargo with high diffusivity and low membrane footprint) on the
inner leaflet of vesicles.

4.2 The MinDE positioning module as a stepping stone
for actomyosin-based synthetic division

In the development of a contractile module for synthetic division, the reconstitution of acto-
myosin architectures promptly revealed a missing piece. If contractile rings or actin cortices
were not correctly localized at the vesicle equator, myosin-driven forces did not yield mem-
brane furrowing. For instance, light-mediated pole relaxation of cortices was required to
stably deform liposomes at their centre, and external addition of vesicle-shaping compo-
nents was needed to localize membrane-remodelling proteins like dynamin A [271, 342, 353].
Accordingly, if contractile forces are globally initiated, a tug-of war effect unfolds and a
cleavage furrow forms slowly and asymmetrically [271]. Thus, in this thesis, I set out to
reconcile this predicament and provide an alternative solution that does not rely on exter-
nal devices and effectors.

By exploiting the MinDE system as an already consolidated patterning tool, in publica-
tion P2 I showed that actomyosin rings can be spatiotemporally controlled and positioned
at mid-cell. The MinDE diffusiophoresis-driven transport of biotin molecules at the inner
leaflet of vesicles reorganized actomyosin bundles and yielded centred rings. Indeed, the
combination of a self-organized system (MinDE) with a contractile structure (actomyosin
rings) rendered the dynamic spatial control of forces within minimal cells. These results
therefore demonstrate a successful co-reconstitution of two modules working as an ensem-
ble towards a set purpose: synthetic division.

Since MinDE oscillations sense the 3D geometry of the compartment and align to its
longest axis, MinDE pole-to-pole patterns constitute an ideal tool to maintain ring lo-
calization while vesicle deformation takes place [314]. Moreover, given the importance of
tension redistribution inside dividing cells, this work demonstrates that the MinDE system
can become a generic positioning module for synthetic cells containing contractile systems
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of different nature. As I will discuss in section 4.4, the reconstitution of a eukaryotic-
based division machinery presents many challenges due to its complexity. Owing to
these setbacks, many research groups have turned to the development of other synthetic
cytoskeletal-mimic systems based on peptide filaments, DNA origami, or polydiacetylenes
fibrils [354, 355, 356, 357]. MinDE diffusiophoretic transport could therefore be co-recon-
stituted with these systems to achieve the spatiotemporal control of cytoskeletal archi-
tectures at the membrane and aid in their application as potential contractile modules.
Concurrently, the bacterial approach to synthetic division has shown promising results.
Aiming at the reconstitution of a minimal set of bacterial components for the formation of
a contractile FtsZ ring, the Min system is being employed both as a ring assembly agent
(via MinC depolymerization of FtsZ) and a positioning tool (via diffusiophoresis). How-
ever, together with Min proteins, further experiments will be required to demonstrate that
FtsZ rings can effectively generate the forces enabling minimal cell division.

Taken together, the results presented in publication P2 demonstrate that the MinDE
system can be combined with actomyosin contractile structures to develop a synthetic di-
vision machinery. Previous mathematical models already pointed to the feasibility of this
modular approach for assembling dividing in silico protocells. As described by Schneider
and colleagues, synchronization of a contractile module with a positioner building block
provides the starting functionalities required for a synthetic cell to divide [358, 58]. Thus,
this thesis realizes, through in vitro experimental work, the modular assembly projected
by these theoretical studies. Nevertheless, as I will discuss in section 4.5, we will need to
incorporate many other regulatory and complementary components to mend the current
deficiencies accompanying the eukaryotic-based division approach.

4.3 The modular assembly of artificial cells unveils
synergistic protein interactions and hidden func-
tions

The first step in the co-reconstitution of MinDE oscillations with actomyosin rings con-
sisted in optimizing the encapsulating conditions. These two protein systems, found in
different life domains, require particular salt concentrations, divalent cations, and nega-
tively charged lipids to showcase canonical behaviour. Optimization of such conditions,
however, led to surprising behaviours initially not predicted.

Firstly, when I investigated the fraction of GUVs containing single actomyosin rings,
vesicles comprising MinDE oscillations showed an increase in ring formation frequency in
comparison to their MinDE-deficient counterparts. In short, Min oscillations did not im-
pair fascin-mediated bundling of actin at the membrane and, in contrast, seemed to aid in
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the assembly of actin bundles into singular rings. This finding thus suggests a synergistic
effect arising from their combinatorial ensemble, which provided a benefit to the overall
purpose of the system.

However, I also observed other striking effects. Some membrane-bound actomyosin
rings and networks underwent bending and collapsed in the presence of MinDE circling
and chaotic patterns. In addition, as MinDE waves travelled on the inner leaflet of the
vesicles, these bent or collapsed cytoskeletal structures appeared to be “swept ” in var-
ious directions ahead of MinDE oscillations. Although fascin bundles are relatively stiff
supramolecular structures1, these results may also point to MinDE-driven diffusiophoresis
as the mechanism behind these topological transformations. Specifically, the frictional cou-
pling between biotin-anchored fascin bundles and Min proteins might induce the bending
of bundles on the membrane and their transport based on Min pattern direction.

Interestingly, when I analysed vesicles simultaneously containing actomyosin networks
and MinDE chaotic oscillations, I observed an intriguing phenomenon: the outward bleb-
bing of GUVs. The actomyosin bundles, demarcating the vesicle membrane into partitioned
areas, became lateral diffusion barriers for Min proteins. As a result, MinDE oscillations
turned chaotic due to the loss of 3D symmetry, and Min binding to these bundled-delimited
areas induced outward membrane protrusions reminiscent of bleb morphologies [360]. A
closer analysis of these blebs suggests that MinDE binding is crucial for their emergence,
since bleb growth is concomitant with an increase in EGFP-MinD fluorescence intensity.
Further quantification of the extent of membrane deformation showed that MinDE binding
generated protrusions which either increased or decreased local membrane curvature. In-
deed, within the same vesicle MinDE oscillations generated small blebs with highly curved
membrane surface, as well as larger deformations extending the vesicle membrane and thus
losing sphericity. Moreover, the encapsulation of the system inside phase-separated GUVs
revealed similar bleb-like bulging of Ld domains. In collaboration with Dr. Nishu Kanwa,
we constrained MinDE oscillation to Ld domains and observed that Min proteins can also
transiently deform them, triggering the global remodelling of domains on the bilayer.

MinDE-driven deformations of lipid membranes have already been described in the
literature. In osmotically deflated vesicles, Litschel et al. reported that MinDE pulsing
patterns induced extensive deformations, decreasing the intrinsic spontaneous curvature
of the vesicle membrane upon protein attachment [338]. Moreover, Fu et al. showed pe-
riodic membrane spreading/pulling by MinDE membrane attachment cycles and provided
further evidence that MinE is required for such deformations [361]. Although another lab
reproduced and confirmed these membrane remodelling events [339], the underlying mech-
anism behind MinDE-driven membrane deformations remains opaque. Some authors have
hypothesized that the observed deformations might arise from an increase in local viscosity

1bending stiffness of fascin bundles in the presence of 5–20% w/w Ficoll70: κB = 2.3–3.9 × 10−25 N·m2

[359]
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mediated by Min proteins or from the insertion of their amphipathic helix (MTS domain)
into the lipid bilayer, which could trigger local variations of membrane curvature (“wedging
effect”), as well as an area difference between the two leaflets. In addition, recent studies
demonstrating the oligomerization of MinD on 2D membranes might suggest a possible
scaffolding effect induced by these higher-order protein structures [309, 311]. Nevertheless,
I speculate that many of these hypotheses cannot not fully explain the extent of the de-
formations observed in blebbing vesicles. For instance, as reported by Stachowiak et al.,
the size and coverage of the protein containing the amphipathic helix limit the membrane
occupancy of the inserted domains, thereby reducing their impact on surface area increase
[362]. Consequently, it seems likely that MinDE helix insertion cannot account for the
membrane deformations and high curvatures I observed in publication P2.

However, it seems evident that energy dissipation through ATP hydrolysis by MinD
is behind this non-equilibrium deformation process. Given that confinement is a major
feature of this co-reconstituted system, I hypothesize that the deformations I observed re-
sult from an osmotic pressure arising from MinDE protein fluxes. As Min proteins bind to
the membrane, cooperative recruitment decreases their lateral diffusion at the membrane
and enhances protein collisions. The corresponding protein gradients generated at the
bulk and membrane could therefore result in the build-up of forces perpendicular to the
bundle-delimited regions. These forces might then straighten nanoscale membrane undula-
tions, releasing new membrane area and ultimately yielding the outward bleb morphologies
bounded by actin bundles. Importantly, this phenomenon is triggered by energy consump-
tion. In contrast to other studies, where protein crowding at the membrane caused a steric
pressure that led to membrane tubulation [362, 363], MinDE-driven deformations do not
occur when MinD-ATP binds alone to the membrane. MinE is required to trigger the
self-organization of this protein system on the membrane via a reaction-diffusion mech-
anism [361]. Thus, I find it reasonable to suggest that this deformation mechanism is a
non-equilibrium process which requires the consumption of energy to perform mechanical
work on lipid bilayers.

To unravel the phenomenological aspects behind vesicle blebbing, we could address the
observed deformations with in silico frameworks utilizing numerical simulations. Although
this approach will face many challenges (it would involve simulating deformable volumes
and surfaces in 3D with a reaction-diffusion Min skeleton model), it should provide addi-
tional insights to explain the experimental observations presented here [364, 365].

In conclusion, this thesis work demonstrates that in the engineering of synthetic cells,
the integration of functional modules can reveal unexpected synergistic effects and protein
behaviours. While Min proteins continue to surprise with “hidden” functions emerging from
their in vitro reconstitution, further use of mathematical models and computer simulations
will be needed to underpin the precise mechanistic processes behind the experimental
phenomena observed.
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4.4 Mechanistic challenges for the eukaryotic-based
division approach

Despite the success in the MinDE-driven positioning of actomyosin rings, these eukary-
otic protein structures reconstituted in publication P2 showed eventual stagnation. Ring
contraction stopped after some time, and the vesicles did not continue symmetrically de-
forming to yield the characteristic aspect ratio of a two-lobed cell with a high-curvature
furrow. In contrast, a high fraction of GUVs presented fully constricted bundled networks
into aster-like structures, which remained either attached at the membrane or free-floating
in the vesicle lumen. Both phenotypes represent the two contrasting outcomes in the con-
tractility range of the system: little or no constriction and full, rapid contraction. Several
possible reasons attributable to the design variables of the system might explain these two
undesired phenotypes.

Firstly, the use of skeletal myosin II as molecular motor encompasses several limita-
tions. Taking the form of large bipolar ensembles, skeletal muscle thick filaments comprise
hundreds of motor heads which present a low duty ratio, enabling fast and large force
generation [366, 367]. Although its features provide many advantageous properties for the
construction of synthetic rings, the rapid build-up of contraction forces by skeletal myosin
II might be detrimental in relation to the type of division rings reconstituted in vitro:
ordered fascin bundles. Indeed, as I will discuss in detail below, the spatial organization of
f-actin and its degree of connectivity have a direct influence over how forces are transmit-
ted through the actomyosin architecture. Consequently, future reconstitutions might need
to explore the use of other myosin isoforms to achieve slower and sustained contraction
of actin bundle rings. A potential alternative candidate is non-muscle myosin II (NM II).
As an essential component for the in vivo construction of cytokinetic rings, NM II assem-
bles into short filaments, maintaining tension and contributing to network connectivity by
acting as a stable crosslinker [368, 369]. More precisely, the responsive NM II-A isoform,
which presents different behavioural regimes, might provide strong force generation and
tension maintenance, at the same time its motor properties are modulated depending on
the stiffness and mechanical signals of the contractile network [367, 197].

Secondly, the choice and concentration of ABPs as crosslinker/bundlers of actin markedly
affect the structure of the obtained actin bundles. In publication P2, I assembled actin
bundles by encapsulating different concentrations of fascin, a small actin crosslinking pro-
tein which tightly packs f-actin into hexagonal parallel arrays of the same polarity [370]. As
discussed earlier, the architecture of these unipolar bundles, with very small interfilament
distance, affects myosin-driven force generation and overall contraction dynamics. Indeed,
as both experimental and simulation works confirmed, the flexible but tightly spaced bun-
dles crosslinked with fascin facilitate the unidirectional movement of myosin, resulting in
fast contraction and high mechanical work by skeletal myosin II [261, 371]. However, as
previous studies have shown, high f-actin network connectivity, arising from an elevated
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fascin concentration, increases bundle stiffness [372, 260, 373]. The enhancement in bun-
dle rigidity, together with the high filament packing and persistence length induced by
the presence of the crowding agent Ficoll70, could therefore hinder myosin-actin interac-
tion, possibly trapping myosin filaments and inhibiting contraction [359, 374]. Thus, as
the rings reconstituted in publication P2 were assembled from ordered fascin bundles, I
find it reasonable to suggest that excessive crosslinking might prevent both the sliding
and buckling of f-actin within the bundles, ultimately impeding the progression of ring
constriction. Conversely, as the inverted emulsion produces a heterogeneous population of
vesicles, the aster-like structures observed might arise from variations in the encapsulated
[actin]:[myosin]:[biotin]:[fascin] ratio, thereby altering actin bundle architecture and the
effective myosin contraction response. Moreover, in contrast to mixed-polarity bundles,
unipolar contractile bundles show a high energy conversion efficiency, being the fastest
ATP-consuming structures when compared to other crosslinked networks [371]. Consid-
ering the amount of ATP-dependent biomolecules in our system (actin, myosin, Min pro-
teins), this is a parameter that might require careful scrutiny.

Finally, I employed biotin-neutravidin bonds as the linker strategy to anchor actomyosin
architectures to the inner leaflet of GUVs. Although this allowed the generation of curved
fascin bundles over the inner leaflet of vesicles and their positioning by MinDE-driven diffu-
siophoretic transport, it is still unclear whether this strong non-covalent bond is the optimal
anchoring strategy for the transmission of myosin forces to the membrane [183, 375]. The
high affinity of this bond might disrupt the dynamic remodelling of both actomyosin rings
and the lipid membrane, preventing adhered rings from increasingly deforming furrowed
vesicles. Contrary to ring-slippage events reported in other studies, where the highly fluid
nature of the membrane caused bundle sliding and condensation [267], the rings generated
in publication P2 remained firmly attached while stalled. While other membrane linkers
might show enhanced control of vesicle deformation with rings in advanced constriction
stages, biotin-neutravidin bonds appear sufficient to enable ring positioning and sustained
membrane deformations.

Overall, fine-tuning of parameters like the type and concentration of molecular motors,
actin crosslinkers, crowding agents, and lipid membrane anchors remains a complex and
poorly explored endeavour. Nevertheless, since controlled contraction of synthetic division
rings is the central objective the field strives for, future experiments will need to charac-
terize this parameter space to identify the optimal encapsulating conditions.
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4.5 Future perspectives

4.5.1 Overcoming contraction stalling with in vitro reconstituted
anillo-actin rings

For those working on the division of giant vesicles with eukaryotic proteins, the use of
myosin as the main molecular motor constitutes the most fitting choice upon first inspec-
tion; innumerable studies report its role in the division of a wide range of organisms, such
as mammalian cells, budding and fission yeast, as well as other model organisms like Dic-
tyostelium and C.elegans. Since synthetic biology relies on biomimicry, it is thus reasonable
to consider myosin as the molecular motor with the potential to bring full contraction of
division rings inside GUVs.

Nevertheless, including the study presented here (P2), neither the engineering ring
route nor the naturalistic cortex assembly strategy for eukaryotic-based synthetic divi-
sion has achieved a controlled decrease in actomyosin ring diameter or the effective ab-
scission of the membrane via cortex contractility, respectively. On the one hand, actin
rings assembled from crosslinkers and bundlers like fascin or α-actinin [263, 344], or focal
adhesion/bundling proteins like talin and vinculin [267], progress into unfavourable phe-
notypes (aster-like structures and stagnant actomyosin rings) when myosin is added to
the encapsulation mix. On the other hand, a membrane-bound cortical f-actin network
recently assembled by Sakamoto and Murrell also yielded liposome deformations but did
not progress to full cortex constriction or attained membrane abscission [271].

However, pioneering work performed by the Lansky & Braun Lab has paved the way
for a potential new alternative: the use of anillin in the form of anillo-actin rings. Anillin
is a non-motor actin crosslinking and scaffolding protein that plays a pivotal role in cytoki-
nesis. As one of the master organizers of the division ring, in human cells anillin interacts
with many cytoskeletal components such as actin, septins, RhoA, and myosin. As a well-
conserved protein, anillin presents two main regions. On one side, its N-terminal contains
the actin and myosin binding domains, which mediate the crosslinking and bundling of
f-actin [376]. On the other side, at its C-terminus, anillin contains the anillin homology re-
gion where it binds septins and RhoA. Notably, this region exhibits a pleckstrin-homology
domain (PH), which interacts with phosphatidylinositol phosphate (PIP) lipids and binds
the cytokinetic ring to the membrane [377, 378].

Interestingly, as demonstrated by Kučera et al., anillin is a passive crosslinker capa-
ble of sliding actin filaments to maximize their overlap, generating tens of pico-Newton
forces [269]. This f-actin sliding, resulting from the entropic expansion of anillin, does
not consume an external energy source such as ATP, and thus brings the system into
a configuration of minimal free energy. Nevertheless, experiments performed in solution
showed that, when mixed with actin, anillin formed rings which constricted spontaneously
over time. This myosin-independent constriction force, albeit of entropic origin, opens
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an exciting new avenue for the synthetic division efforts, as this passive crosslinker might
constitute a potential substitute or complementary factor to myosin forces. Motivated by
this hypothesis, I performed preliminary experiments employing anillin as a substitute for
myosin motors (see Appendix IV for supplementary figures and data). Although an exten-
sive characterization of the parameter space is still required, these experiments provided
valuable insights.

Firstly, in agreement with my predictions, in vitro encapsulation of anillin and actin
at different molar ratios inside GUVs yielded three distinct phenotypes: single rings, soft
bundle networks, and asters (Figure 4.1). Similarly to their actomyosin counterparts,
anchoring anillo-actin structures to the membrane generated curved and isotropic actin
bundle networks. Importantly, these structures showed contractility over time. As ex-
pected, the anillin-mediated sliding of f-actin induced the folding and remodelling of the
anillo-actin bundles within vesicles.

ATTO647-Actin
(3D, Z-projection)

Anillin/Actin 
(µM/µM) 0.4 0.8 1.6 

Figure 4.1. Reconstitution of anillo-actin structures inside GUVs. 3D projections
of confocal images depicting encapsulation experiments performed at three anillin/actin
molar ratios (M/M): 1 µM Anillin/2.4 µM Actin (0.4 M/M), 2 µM Anillin/2.4 µM Actin
(0.8 M/M), and 4 µM Anillin/2.4 µM Actin (1.6 M/M). Encapsulation experiments yield
three distinct anillo-actin phenotypes inside GUVs: single rings (blue arrow), asters (yel-
low arrow), and soft bundle networks (green arrow). GUV inner solution mix: 0.01 g/L
Neutravidin, 50 g/L Ficoll70, 10 g/L BSA and 5mM ATP. Scale bar is 50 µm.

Secondly, time-lapse confocal imaging of vesicles containing high anillin/actin molar ra-
tios revealed that, upon network collapse, GUVs burst and released their content into the
outer solution (see Appendix IV, Figure IV.1). The contraction of densely-packed anillo-
actin architectures, which were tightly bound to the lipid membrane via biotin-neutravidin
bonds, might be behind these bursting events. As previous studies have reported, mem-
branes can rupture and nanopores emerge when bilayers are subjected to high loads [379].
Although tension-induced nanopores can reseal to restore membrane integrity, I speculate
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that forces arising from anillo-actin contractility might induce their growth into microp-
ores, resulting in the bursting of the vesicles [380, 381].

Thirdly, when I co-reconstituted these anillo-actin structures with the MinDE system,
very few vesicles showed MinDE-driven transport of these bundle structures. Since the con-
centrations of biotinylated lipids, biotin-actin, and neutravidin were not fully optimized in
these experiments, I hypothesize that the anillo-actin bundles obtained contained a high
number of anchoring sites which resulted in bundles with very low diffusivity and large
effective size (membrane footprint). Consequently, these anchoring conditions might have
hindered the diffusiophoretic transport of anillo-actin bundles by Min proteins [334]. How-
ever, some GUVs containing anillo-actin rings did show significant mid-cell furrowing while
Min proteins oscillated at the poles of the vesicle (Figure 4.2). These rare observations
demonstrate the potential improvements anillin could bring to the system studied here
under the right experimental conditions. In addition, these experiments provided further
evidence of the importance of including a positioning module inside our GUVs. Indeed,
although anillo-actin networks substantially deformed vesicles at mid-cell, the lack of a
system enabling the spatiotemporal control of these forces at the membrane resulted in
the lateral collapse of the network, as well as the regression to the spherical vesicle shape
(Figure 4.3, Figure IV.2 in Appendix IV).

ATTO647-Actin/EGFP-MinD
(3D, Z-projection)

(2D, equator)

t = 0 min t = 1.3 min t = 2.6 min

Figure 4.2. Contractile anillo-actin ring co-reconstituted with MinDE induce
mid-vesicle furrowing. 3D projections and 2D images from confocal microscopy show
a two-lobed shaped vesicle exhibiting mid-cell furrowing due to a contractile anillo-actin
ring. Yellow arrows point to the pole-to-pole oscillations of Min proteins at the two vesicle
lobes. GUV inner mix: 3 µM Anillin/3 µM Actin (1 M/M), 3 µM MinD, 3 µM MinE, 0.01
g/L Neutravidin, 50 g/L Ficoll70, 10 g/L BSA, and 5mM ATP. Scale bar is 20 µm.
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ATTO647-Actin/ATTO532-DOPE
(3D, Z-projection) (2D, equator)

Figure 4.3. Vesicle constriction induced by contraction of anillo-actin networks.
3D projections of a confocal z-stack and 2D images of the equatorial plane of a vesicle
exhibiting furrowing. The anillo-actin architecture inside the vesicle deforms the membrane
as it contracts. GUV inner solution mix: 2 µM Anillin/2.4 µM Actin (0.8 M/M), 3 µM
MinD, 3 µM MinE, 0.01 g/L Neutravidin, 4% OptiPrep, 50 g/L Ficoll70, 10 g/L BSA, and
5mM ATP. Scale bar is 20 µm.

Finally, to minimize vesicle bursting and facilitate MinDE-driven transport, I changed
the membrane-anchoring strategy. With the aim of efficiently transmitting localized forces
to the membrane, I replaced biotinylated lipids with phosphatidylinositol (3,4,5)-triphos-
phate (PIP3). Given that the PH domain of anillin has been shown to interact with PIP
lipids [382], and following the premise that Min proteins are capable of creating anti-
correlated lipid patterns [383, 384], I encapsulated anillo-actin structures in POPC lipid
vesicles containing 5% PIP3. Interestingly, not only did the anillo-actin bundles appeared
to be bound to the membrane of these vesicles, their contractile force also induced smaller-
scale deformations like blebs and membrane tubes (Figure IV.3). In the future, further
experiments will be needed to effectively incorporate MinDE oscillations and fine-tune
anillin/actin molar ratios to achieve the spatiotemporal control of contractile anillo-actin
rings at mid-cell.

To sum up, preliminary experiments shown in this thesis provide new insights into the
use of anillin as a potential contractile agent in the division of synthetic cells. To this end,
once the optimal stoichiometry of modular parameters is achieved, anillin-driven forces
might constitute a promising alternative or complementary component to myosin-based
division systems.

4.5.2 Next steps: building up complexity in synthetic division
studies

In the roadmap towards the construction of a dividing synthetic cell, the research pre-
sented in this thesis highlights the promising outlook of synthetic biology and the many
aspects which remain open for development. In this regard, actomyosin-based contractile
modules require further improvement. As already explored in previous studies, adding
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new layers of complexity might facilitate the dynamic remodelling of contractile rings. For
instance, our reconstituted systems could combine myosin-driven contractility with a rapid
actin turnover rate. Indeed, incorporating f-actin severing proteins like cofilin and gelsolin
might aid in maintaining a dynamic steady state, which would potentially increase the effi-
ciency of actomyosin contractility and thus circumvent irreversible ring contraction stalling
[371]. In addition, for the present cases where actin contractility progresses but membrane
abscission is not achieved, incorporating the ESCRT and Cdv protein machineries might
drive the reconstituted vesicular systems towards attaining full cell division.

In parallel, the development of new functional modules will be crucial to endow arti-
ficial cells with additional functions which are essential to accomplish their self-division.
In particular, a module to induce membrane growth via in situ lipid synthesis or lipid
reservoirs will become key to supplying vesicles with the additional membrane area needed
for division [385]. Besides aiding in the mechanical remodelling of dividing membranes,
a synthetic module for lipid supply will enable the growth and continuity of subsequent
daughter cells, ensuring the self-sustainability of our artificial systems.

Overall, although the integration of a high number of complex synthetic modules will
be a pressing challenge that we will need to address, many technological advancements will
accompany these research studies, bringing further progress to the synthetic biology field.

4.6 Concluding remarks
In conclusion, the research work presented in this thesis shows the successful assembly and
integration of two synthetic functional modules for the division of minimal cells. These
new insights not only demonstrate that the MinDE protein system can be exploited as a
positioning module for actomyosin-based synthetic division, but also show its versatility
and robustness for applications that go far beyond the study of self-organized systems.

Although it took life millions of years to exist as we know it, imitating its working
principles will be crucial to progressively increase the complexity of our synthetic sys-
tems. Thus, the development and improvement of bio-inspired modules, together with a
simultaneous characterization of their design variables, will open new exciting questions
and ultimately bring us closer to our goal of building a synthetic cell capable of self-division.
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Supplementary Video S1. Timelapse of a microswimmer-like structure showing dynamic 

positioning of FtsZ-mCherry-mts filaments on their surface by wave-type MinDE patterns. 

 

Supplementary Video S2. 360º view of the Z-projections performed on a confocal stack 

depicting FtsZ-mCherry-mts patterning induced by the MinDE system. 

 

Supplementary Video S3. 360º view of the Z-projections performed on a confocal stack 

depicting FtsZ-mCherry-mts patterning induced by the MinDE system. 
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Figure S1. MinDE-driven patterning of cargo molecules on 3D microstructures. Patterning is 

possible irrespective of the shape of the microswimmer-like structures printed. Scale bars are 

50 µm for DNA origami, streptavidin bound to Biotinyl-Cap-PE and streptavidin bound to 

PEG2K-Biotin. For FtsZ-mCherry-mts scale bar is 20 µm. 
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Figure S2. Time tracking of Biotinyl-Cap-PE bound Atto655-streptavidin (magenta) 

patterning by MinDE proteins (green) on a 3D printed microswimmer-like structure. Z-

Projections of confocal images depicting the patterning of a microswimmer structure over 6 

hours. After 15 minutes where Min patterns settle into a labyrinth configuration (timepoint 0.00 

min), the microswimmer head retains this characteristic Turing pattern with only subtle 

changes in MinE minima like spots fusing or MinD maxima changing position at the tail. 

Owing to the initially added ATP concentration, and the fact that the system was not 

replenished of this nucleotide during timelapse acquisition, ATP depletion affects MinDE 

dynamics and shape changes occur after 5 hours (last row of timepoints shown). However, 

MinDE patterning retains its labyrinthic type. Scale bar is 50 µm. 
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Figure S3. AFM image of the DNA origami structure (Rothemund triangle) used as cargo. 

Scale bar is 400 nm. 
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Supplementary Figures 

 

Supplementary Fig. 1 MinDE dynamic oscillations spatiotemporally re-arrange 

actomyosin bundles via diffusiophoresis. a Bar graph showing the frequencies of actin 

structures observed inside GUVs at three different timepoints after vesicle production. Inner 

solution mix: 2.4 μM actin, 0.6 μM fascin (fascin/actin molar ratio = 0.25), 0.05 μM myosin II, 

50 g/L Ficoll70, 3 μM MinD, 3 μM MinE and 5 mM ATP. Experiments performed n = 3, total 

number of GUVs (< 25 μm) analyzed per experiment = 336, number of GUVs analyzed per 

timepoint = 112. Data shown as mean values with individual data points for each independent 

experiment. Error bars represent the standard deviation of the 3 experimental runs. b 2D 

confocal images of the three main types of dynamic Min oscillations (pulsing, circling and 
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pole-to-pole) when the MinDE system is co-reconstituted with actomyosin structures inside 

vesicles. Orange arrows are meant to represent the direction and dynamic behaviour of the 

MinDE oscillations. Scale bars: 10 µm. c Time-lapse 3D confocal projections of the 

diffusiophoretic rearrangement of bundles on the vesicle membrane. The chaotic and 

incremental MinDE binding to areas of the membrane delimited by actomyosin bundles allows 

the diffusiophoretic transport of neutravidin-bound actin which, in this example, results in the 

bundles of the soft web being pulled apart (orange dotted arrows). Vesicle inner content: 4 mM 

actin, 2 mM fascin, 0.05 µM myosin II, 50 g/L Ficoll70, 3 µM MinD, 3 µM MinE and 5 mM 

ATP. Scale bar: 10 µm. d 3D projections of confocal time series showing the collapse of an 

actomyosin network inside a vesicle induced by the MinDE system. Scale bars: 10 µm. Source 

data are provided as a Source Data file. 
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Supplementary Fig. 2 MinDE-driven positioning and buckling of fascin-bundled actin 

rings inside vesicles. a Schematic illustration of the proteins and molecules employed in 

encapsulation experiments for sections b and c and the diffusiophoretic effect between actin-

fascin bundles and Min proteins at the membrane. b 3D projections of confocal time series 

showing the positioning of a fascin-bundled actin ring by Min proteins. The MinDE pole-to-

pole oscillation at the membrane re-orients the ring and locates it perpendicular to the MinDE 

pattern. Kymographs generated at the GUV equator (blue dotted circle) depict the MinDE-

driven change in ring orientation. Vesicle inner content: 1.5 mM actin, 0.3 mM fascin, 10 g/L 

Ficoll70, 3.2 µM MinD, 1.6 µM MinE and 5 mM ATP. Scale bar: 20 µm. c Schematic 

illustration and 3D projections over time of a vesicle containing an actin ring being folded by 

the circling oscillation of Min proteins. The MinD protein flux at the rear end of the ring causes 

4. Appendix

134



the translocation of one of the ring’s endpoints towards its diametrically opposite side. Scale 

bar: 10 µm. d Time course analysis of the angle (θ) between the two endpoints of the ring in 

section c. After 15 minutes, the counterclockwise MinDE circling pattern co-localizes both 

endpoints and the ring adopts a folded conformation. Scale bar: 10 µm. Source data are 

provided as a Source Data file. 

 

 

Supplementary Fig. 3 Membrane out-bud formed on a vesicle with a positioned 

actomyosin soft web. 2D confocal cross-sections from an upper plane of the vesicle in Fig. 3 

showing an outward bud attached to the vesicle membrane. Inner solution mix: 2.4 µM actin, 

0.6 µM fascin (fascin/actin molar ratio = 0.25), 0.05 µM myosin II, 50 g/L Ficoll70, 3 µM 

MinD, 3 µM MinE and 5 mM ATP. Scale bar: 10µm. 
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Supplementary Fig. 4 Equatorial deformation and blebbing of vesicles under different 

experimental conditions. a Confocal images taken 24 hours after encapsulation of a GUV 

presenting a static MinDE binding to the membrane and a network of actomyosin bundles 

tightly bound to its furrowed equator (aspect ratio = 0.75). Encapsulating conditions: 2.4 µM 

actin, 0.6 µM fascin, 0.05 µM myosin II, 50 g/L Ficoll70, 3 µM MinD, 3 µM MinE and 5 mM 

ATP. Scale bar: 20 µm. b Confocal images of two GUVs with a membrane composition 

consisting of 60% POPC, 30% POPG and 10% DOPE. The deformations and blebbing 

observed in the presence of this inverse-cone shaped lipid serves as a proof of concept for the 

addition of other curvature-inducing elements towards contraction enhancement. Inner GUV 

content as specified in a. Scale bars: 20 µm.  
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Supplementary Fig. 5 MinDE-induced membrane deformations in vesicles containing 

reconstituted actomyosin architectures. a Time evolution of bleb initiation on one the 

forming blebs depicted in Fig. 3. Confocal images of the GUV top plane show how, as Min 

proteins start binding and accumulating on two regions delimited by actomyosin bundles, 

outward membrane protrusions form. Encapsulating conditions as specified in Fig. 3. Scale 

bar: 10 µm. b 3D waterfall plot shows the EGFP-MinD fluorescence intensity of a line (orange) 

drawn over the GUV in section a at six different time points. As the bleb grows with time, the 

EGFP-MinD fluorescence intensity at the inside of the area delimited by actomyosin bundles 

increases. Simultaneously, the line section that falls outside of the actomyosin-delimited 

compartment shows a gradual decline in EGFP-MinD fluorescence intensity over time. Scale 

bar: 10 µm. c Confocal cross-section images at different time points of the vesicle in section a 

and b which show the formation of a membrane out-bud after blebbing. The outline of the 

vesicle is depicted as a blue dashed circle. Scale bar: 10 µm. Source data are provided as a 

Source Data file. 
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Supplementary Fig. 6 Phase-separated vesicles retain their spherical phenotype in the 

absence of MinDE proteins. 3D projections of confocal images taken from a three-hour 

timelapse acquired right after encapsulation. Phase-separated vesicles containing actomyosin 

networks remain spherical over time and no membrane deformations are observed on the 

population. Inner encapsulation mix: 2.4 µM actin, 0.6 µM fascin (fascin/actin molar ratio = 

0.25), 0.05 µM myosin, 20 g/L Ficoll70 and 5 mM ATP. Encapsulation experiments performed 

n = 3. Scale bars: 50 µm. 
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Description of Supplementary Movies 

Note: all movies were generated from Z-stack fluorescence time series by 3D Standard 

Deviation Z-Projections. The actin channel is depicted in magenta, the MinD channel in green 

and the brightfield (ESID) channel in greyscale. 

 

File Name: Supplementary Movie 1 

Description: MinDE-driven reorganization and positioning of actomyosin bundles at 

mid-cell. By exploiting the diffusiophoretic transport induced by MinDE proteins, membrane-

bound actomyosin bundles are positioned at the equatorial plane of the vesicle, perpendicular 

to the MinDE pole-to-pole oscillations. Inner content of the vesicle: 2.4 µM actin, 0.6 µM 

fascin (fascin/actin molar ratio = 0.25), 0.05 µM myosin II, 50 g/L Ficoll70, 3 µM MinD, 3 

µM MinE and 5 mM ATP. Timestamp indicates hh:mm:ss. Scale bar: 10 µm. 

 

File Name: Supplementary Movie 2 

Description: Constriction of a vesicle at mid-cell by a positioned actomyosin ring. Min 

pole-to-pole oscillations position an actomyosin ring at the equatorial plane of the vesicle 

which induces the constriction of the membrane. Stable localization of the ring by Min proteins 

allows the vesicle to maintain an ellipsoidal shape. Inner content of the vesicle: 4 µM actin, 2 

µM fascin (fascin/actin molar ratio = 0.5), 0.05 µM myosin II, 50 g/L Ficoll70, 3 µM MinD, 3 

µM MinE and 5 mM ATP. Timestamp indicates hh:mm:ss. Scale bar: 10 µm. 

 

File Name: Supplementary Movie 3 

Description: Deformation of a vesicle by a positioned actomyosin soft web. Min pole-to-

pole oscillations position the bundles of an actomyosin soft web perpendicular to the Min 

pattern axis. The strongly anchored actomyosin bundles induce the deformation of the vesicle 

membrane, breaking GUV spherical symmetry. The membrane out-bud was already present 

when confocal acquisition started. Inner content of the vesicle: 2.4 µM actin, 0.6 µM fascin, 

0.05 µM myosin II, 50 g/L Ficoll70, 3 µM MinD, 3 µM MinE and 5 mM ATP. Timestamp 

indicates hh:mm:ss. Scale bar: 10 µm. 
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File Name: Supplementary Movie 4 

Description: Deformation of a vesicle by a peripheral actomyosin ring. Vesicle exhibiting 

Min oscillations which ultimately degenerate to slow circling waves. The constriction of non-

positioned actomyosin bundles on one side of the vesicle yields its asymmetric dumbbell shape. 

Inner content of the vesicle: 4 µM actin, 2 µM fascin, 0.05 µM myosin II, 20 g/L Ficoll70, 3 

µM MinD, 3 µM MinE and 5 mM ATP. Timestamp indicates hh:mm:ss. Scale bar: 10 µm. 

 

File Name: Supplementary Movie 5 

Description: MinDE-induced blebbing in a vesicle containing a reconstituted actomyosin 

soft web. MinDE chaotic oscillations on the vesicle membrane induce the deformation of areas 

delimited by lipid-anchored actomyosin bundles into outward bleb protrusions. The dynamicity 

of MinDE oscillations is responsible for the growth and retraction of the observed deformations 

at different areas of the vesicle. Inner content of the vesicle: 2.4 µM actin, 0.6 µM fascin, 0.05 

µM myosin II, 50 g/L Ficoll70, 3 µM MinD, 3 µM MinE and 5 mM ATP. Timestamp indicates 

hh:mm:ss. Scale bar: 10 µm. 

 

File Name: Supplementary Movie 6 

Description: MinDE chaotic oscillations on actomyosin networks can generate outward 

membrane protrusions of different sizes. Example of a vesicle which, over the course of 15 

minutes, shows several dynamic membrane deformations of varying scale. Inner content of the 

vesicle: 4 µM actin, 2 µM fascin, 0.05 µM myosin II, 50 g/L Ficoll70, 3 µM MinD, 3 µM MinE 

and 5 mM ATP. Timestamp indicates hh:mm:ss. Scale bar: 10 µm. 

 

File Name: Supplementary Movie 7 

Description: MinDE-induced bleb deformations on a phase-separated vesicles containing 

an actomyosin network. Dynamic MinDE oscillations on Ld domains can reorganize 

membrane-anchored actomyosin bundles, deform Ld domains into outward bleb-like 

protrusion and remodel the vesicle’s domains. As oscillations progress and actomyosin bundles 

fold, it is possible to observe the maneuvering and splitting of domains. Inner encapsulation 
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mix: 2.4 µM actin, 0.6 µM fascin, 0.05 µM myosin II, 20 g/L Ficoll70, 3 µM MinD, 3 µM 

MinE and 5 mM ATP. Timestamp indicates hh:mm:ss. Scale bar: 10 µm. 

 

File Name: Supplementary Movie 8 

Description: Phase-separated vesicles retain their spherical phenotype in the absence of 

MinDE proteins. Control experiment over 3 hours show that phase-separated vesicles 

containing actomyosin assemblies, but without Min proteins, maintain their spherical shape 

and no membrane deformations arise. Inner content of the vesicle: 2.4 µM actin, 0.6 µM fascin, 

0.05 µM myosin, 20 g/L Ficoll70 and 5 mM ATP Timestamp indicates hh:mm:ss. Scale bar: 

20 µm. 
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III Appendix to Section 4.1

III Appendix to Section 4.1

Supplementary figures and data
MinDE-free patterned microswimmers for their implementation in downstream
experimental techniques

Experiments performed in collaboration with Svetozar Gavrilovic showed that, while MinDE
proteins spatiotemporally control membrane-bound DNA origami, crosslinking of this cargo
is possible via polyT oligonucleotides. After washing the chamber with Min buffer, Min
proteins are removed from the microswimmer membrane, leaving an immobile lattice of
DNA origami stably anchored to the membrane according to the anti-correlated MinDE
pattern. Microswimmers can now be incorporated into different buffer and experimental
conditions for subsequent purposes.
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Figure III.1. Patterned and crosslinked DNA origami on microswimmer struc-
tures after MinDE removal. 3D projections of confocal images showing a microswim-
mer structure with crosslinked DNA origami on its surface. After MinDE-driven patterning
of DNA origami on the SLB-coated structure, this cargo, equipped with eighteen staples
containing poly-adenine overhangs (six per triangle side), was crosslinked via sticky-end
hybridization by the addition of polyT linker oligonucleotides to preserve the achieved
patterning (top row). After a 20-minute incubation to ensure adequate DNA crosslinking,
MinDE proteins were removed from the chamber by buffer washing, and DNA origami
positioning on the microswimmer was tracked over time. After more than 24 hours, the
patterned DNA origami was confirmed to remain immobile on the surface of the microswim-
mer (bottom row). Scale bar is 50 µm.
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Membrane geometry effects on MinDE patterning of cargo molecules

To further ascertain the effect of surface curvature and topology on MinDE patterns with
our 3D-printing tools at hand, I show here additional microstructures with two distinct
micron-scale topographies. One is a 12 µm tall stepped pyramid containing 6 consecutively
smaller steps (CAD design kindly provided by Dr. Hiromune Eto, Figure III.2a), while the
other is a 3D sinusoidal model which can be described as the 360◦ revolution of a damped
oscillation function (Figure III.2b).

In general, while performing MinDE in vitro reconstitution experiments on both mi-
crostructures, as well as microswimmers, I did not observe a change in the Min pattern
phase diagram for Ormocomp surfaces (see Figure 1c in publication P1). Without any
adjustment in MinD-MinE ratios, Turing patterns like spots or labyrinths developed in
accordance with the previously curated phase diagram. In this regard, when pyramid
structures were patterned by a MinDE labyrinth configuration, MinE minima (occupied
by streptavidin in the form of elongated paths), aligned both parallel and perpendicular
to the pyramid and generated non-disrupted patterns on both the horizontal and vertical
surfaces of the echelons and their junctions. The scale and distribution of these right-
angled corners did not induce visible effects in either labyrinth or in spot patterns, and
diffusiophoretic transport was not disturbed. This might be due to the size scale of the
microstructure and the high bulk-volume of the chamber in relation to its overall surface.

Interestingly, when MinDE formed labyrinth patterns on curved surfaces with varying
depth and widths (Figure III.2b), MinDE patterns showed atypical features. MinE minima
at concave (negatively curved) regions aligned parallel and in a circumferential fashion to
the grooves of the microstructure (orange arrows and dotted circles). Furthermore, the
width and height of the grooves seemed to have an effect on the distribution of elongated
MinE minima. The deeper and wider the concave region, the more likely the minima were
to arrange in a circumferential-like path—an effect that is reminiscent of the Min wavefront
alignment to grooves with similar scale [126].
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Streptavidin

Streptavidin 
(DSPE-PEG2K-Biotin)
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b

Figure III.2. MinDE patterning study on different 3D-printed geometrical
shapes and curved Ormocomp surfaces. a) 3D-printed stepped pyramid containing
six consecutively smaller square steps. Its surface was coated with an SLB following the
same membrane preparation protocol as for microswimmers, and cargo patterning was
performed via MinDE positioning of DNA origami. 3D projections of confocal z-stack
images show two different Turing patterns, labyrinth and spots, generated on their surface
with no discernable disturbances at straight-angled regions. Last column corresponds to
the 3D representation of the microstructures obtained by 3D rendering of the z-stacks
acquired. b) 3D-printed microgrooves designed by revolving 360◦ the damped oscillator
function y(x) = e(-0.12x) cos(1 + 1.5x) -5 ≤ x ≤ 25, and scaling this geometry 10 times
in all coordinate axes. 3D projections of confocal images demonstrate that MinE minima
at concave regions (negative curvature) align parallel to the circumferential path of the
grooves (orange arrows and dotted lines). 3D rendering of the microstructure at different
angles show complete MinD coverage (rightmost column). Scale bars are 50 µm.
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IV Appendix to Section 4.5.1

Supplementary figures and data
Reconstitution of anillo-actin rings and networks in GUVs

To test whether the encapsulation of anillin and actin yields rings similar to those ob-
served in solution by Kučera et al., I employed the inverted emulsion method as described
in publication P2 to generate GUVs containing both proteins. Similarly to previous strate-
gies for actomyosin ring assembly, I anchored actin to the inner leaflet of the vesicles by
employing biotinylated lipids. As crowding agents, 50 g/L Ficoll70 and 10 g/L BSA were
incorporated to the inner solution mix with salt, MgCl2, and ATP concentrations match-
ing those used in publication P2 (50 mM KCl, 10 mM Tris-HCl, 5 mM MgCl2, and 5mM
ATP). The encapsulation of anillin and actin under these conditions at three different mo-
lar ratios (1 µM Anillin/2.4 µM Actin, 0.4 M/M; 2 µM Anillin/2.4 µM Actin, 0.8 M/M;
and 4 µM Anillin/2.4 µM Actin, 1.6 M/M) yielded three distinct anillo-actin phenotypes
consistently observed in all experimental conditions tested: asters, soft bundle networks,
and single anillo-actin rings (Figure 4.1).

Membrane deformation and vesicle bursting induced by anillo-actin net-
works

To investigate the evolution of these anillo-actin architectures within GUVs over time, I
performed time-lapse confocal imagining of the obtained vesicles. Interestingly, at anillin/
actin molar ratios above 0.4 M/M, a high number of vesicles lost their contrast in the
brightfield channel and began bursting 20 minutes after vesicle production, continuing
over the course of 2 hours (Figure IV.1a). As a result, the inner vesicle contents were
rapidly released into the outer solution. Closer inspection of the anillo-actin structures
over time revealed the folding and creasing of anillo-actin rings and networks as they de-
formed to maximize their overlap (Figure IV.1b). To rule out possible imaging artefacts,
I performed control experiments without laser exposure (control data not shown). I first
imaged vesicles containing anillo-actin networks to confirm successful encapsulation, and
then kept them protected from light during a two-hour incubation period. Subsequent
confocal microscopy confirmed that, even without laser exposure, the number of vesicles
in the chamber substantially decreased and anillo-actin structures appeared floating in the
outer solution, indicating past vesicle bursting.

Co-reconstitution of MinDE oscillations and anillo-actin structures

To achieve spatiotemporal control over anillo-actin bundles at the membrane and posi-
tion them at the equator, I performed encapsulation experiments to co-reconstitute MinDE
oscillations with anillo-actin structures inside GUVs. I tested the standard Min encapsula-
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Figure IV.1. Vesicle bursting induced by the contraction and collapse of anillo-
actin structures. a) 3D projections of time-lapse confocal images show vesicles encapsu-
lating anillo-actin structures undergoing bursting. After 2 hours, anillin-driven contractile
forces result in membrane rupture and release of vesicle contents into the outer solution.
GUV inner solution mix: 4 µM Anillin/2.4 µM Actin (1.6 M/M), 0.01 g/L Neutravidin,
4% OptiPrep, 50 g/L Ficoll70, 10 g/L BSA and 5 mM ATP. b) 3D projections of time-
lapse confocal images depicting the folding and collapse of anillo-actin structures inside
two GUVs (lipid membrane labelled in yellow). After two hours, one of the vesicles (left)
bursts, and the anillo-actin structure remains floating in the outer buffer solution. GUV
inner solution mix as specified in (a). Scale bars are 50 µm.

tion concentrations (3 µM MinD, 3 µM MinE) with three anillin/actin molar ratios: 2 µM
Anillin/2.4 µM Actin (0.8 M/M); 3 µM Anillin/3 µM Actin (1 M/M); and 4 µM Anillin/2.4
µM Actin (1.6 M/M). At higher anillin/actin molar ratios (1 and 1.6 M/M), which con-
tinued yielding GUV bursting, only very few vesicles exhibited MinDE oscillations capable
of positioning anillo-actin bundles. In the majority of GUVs, Min proteins were unable to
transport the biotin-anchored anillo-actin bundles, which assembled mostly as an immo-
bile soft network. In one instance, however, I captured a vesicle with an anillo-actin ring
significantly deforming the GUV at mid-cell while Min proteins oscillated in a pole-to-pole
pattern at the lateral sides of the vesicle (Figure 4.2).

Nevertheless, across all anillin/actin molar ratios tested, substantial membrane defor-
mations were observed in vesicles containing non-positioned anillo-actin networks (Figure
4.3 and Figure IV.2). As the networks contracted over the span of several hours, the anillo-
actin bundles pinched the vesicle membranes, inducing equatorial furrowing. Ultimately,
the vesicles, taking a symmetrical two-lobed shape, returned to their spherical form af-
ter complete network contraction due to the bundles “slipping” away from the membrane
equator.
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Figure IV.2. Time-lapse tracking of GUV deformations induced by contractile
anillo-actin networks. 3D projections of a confocal z-stack show a vesicle deforming
due to the contraction of an anillo-actin network (the equatorial plane from the brightfield
channel is superimposed onto the 3D projection of the fluorescence confocal stack). After
almost 3 hours, the vesicle returns to its spherical shape. GUV inner solution mix: 4 µM
Anillin/2.4 µM Actin (1.6 M/M), 3 µM MinD, 3 µM MinE, 0.01 g/L Neutravidin, 4%
OptiPrep, 50 g/L Ficoll70, 10 g/L BSA, and 5mM ATP. Scale bar is 20 µm.

Study of anillin-PIP3 interaction via in vitro encapsulation assays

To ascertain the feasibility of binding anillo-actin structures to PIP3-containing vesicle
membranes, I encapsulated anillin at three different concentrations inside GUVs containing
5% PIP3. To study the interaction of the PH domain of anillin with the vesicle membrane,
I acquired confocal microscopy images and evaluated qualitatively the GFP-anillin fluo-
rescence intensity at the membrane (Figure IV.3a). At low concentrations of anillin (0.5
µM), a well-defined fluorescence halo tracing the lipid membrane was observed in many of
the vesicles. Increasing the concentration of anillin yielded membrane binding; however,
fluorescence intensity at the GUV membrane decreased compared to samples at 0.5 µM
anillin. Lastly, when I encapsulated 4 µM anillin inside vesicles, large globular structures
reminiscent of protein aggregates localized at the membrane, while the lumen of GUVs ex-
hibited a higher fluorescence signal relative to the other two anillin concentrations tested.

PIP3-mediated membrane binding of anillo-actin structures

To prevent vesicle bursting due to anillo-actin contractile forces, the biotin-neutravidin
anchoring strategy was subsequently discarded. To decrease the effective forces and mem-
brane footprint of the bundles, as well as to render these structures diffusive on the mem-
brane, I then turned to PIP3 as an alternative membrane-binding approach. Incorporating
5% of PIP3 into POPC vesicles, the goal was to utilize PIP3-mediated specific interactions
with anillin (confirmed by experiments in Figure IV.3a) to bind actin bundles to the vesicle
inner leaflet.

Therefore, to test whether anillo-actin structures bind the membrane of PIP3-containing
vesicles, I performed additional in vitro encapsulation experiments. At a 2:1 anillin/actin
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molar ratio, vesicles exhibited anillo-actin phenotypes similar to those obtained with bi-
otinylated membranes. Importantly, rings and soft bundle networks appeared curved and
bound to the membrane. To investigate the effect of these PIP3-bound anillo-actin net-
works on the vesicles, I then performed time-lapse confocal imaging of GUV samples.
After approximately 3 hours, anillo-actin structures exhibited contractility and induced
membrane transformations in the form of blebs and tubes (Figure IV.3b, yellow and blue
arrows, respectively). Employing time-lapse confocal imaging, I confirmed that the mem-
brane blebs and tube retracted and changed shape as the anillo-actin network contracted.
In addition, changes in anillo-actin network topology yielded a visible change in the surface
area and size of the vesicle.

a b
GFP-Anillin
(2D, equator)

0.5 µM Anillin 1 µM Anillin 4 µM Anillin

5% PIP3

ATTO647-Actin
(3D, Z-projection)

Figure IV.3. Encapsulation of membrane-bound anillo-actin structures with
PIP3. a) 2D confocal images showing the encapsulation of Anillin (0.5 µM, 1 µM, and
4µM) inside POPC vesicles containing 5% PIP3. Enhanced membrane binding is observed
at 0.5 µM Anillin. At 4 µM, anillin aggregates form at the membrane. GUV inner solution
mix: Anillin (50% labelled with GFP-Anillin), 50 g/L Ficoll70, 10 g/L BSA, and 5mM
ATP. GFP-anillin was kindly provided by the Lansky & Braun Lab. b) 3D projections
of a confocal z-stack depicting an anillo-actin network bound to a vesicle via PIP3 lipids.
The tension built by the anillo-actin network generates a membrane tube (blue arrow) and
several outward blebs (yellow arrows). As the sliding of f-actin filaments progresses, the
network topology changes, and the membrane deformations observed evolve (e.g., mem-
brane tube retracts into a bleb). A visible increase in surface area of the vesicle is also
observed. GUV inner mix: 4 µM Anillin/2 µM Actin (2 M/M), 50 g/L Ficoll70, 10 g/L
BSA and 5mM ATP. Scale bars are 20 µm.
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Supplementary methods

Anillin purification

Homo sapiens pEGFP-Anillin (GeneBank accession number: BC070066) plasmid was pur-
chased from Addgene (Addgene Number #68027). The anillin gene was PCR-amplified
(for primers used, see details below) and cloned into the pCoofy41 vector (Addgene plas-
mid #55184) containing a C-terminal 6xHis-tag to obtain pCoofy41_Anillin_chis plasmid.

The protein was expressed in SF9 insect cells. The insect cells were harvested after
4 days by centrifugation at 300×g for 10 min at 4 °C in an Avanti J-26S ultracentrifuge
(JLA-9.1000 rotor, Beckman Coulter). The cell pellet was resuspended in 5 mL ice-cold
phosphate buffered saline (PBS) and stored at −80 °C for further use. For cell lysis, the
insect cells were disrupted by sonication in 30 mL ice-cold Lysis buffer (50 mM Tris-HCl
pH 7.5, 500 mM NaCl, 1 mM TCEP) supplemented with 10 mM imidazole and Protease
Inhibitor Cocktail (cOmplete, EDTA free, Roche), and centrifuged at 20,000×g for 60 min
at 4 °C in the Avanti J-26S ultracentrifuge (JA-25.50 rotor, Beckman Coulter). The cleared
cell lysate was loaded on 1 mL lysis buffer-equilibrated Ni-NTA resin (Ni-NTA Agarose,
Qiagen) at 4 °C. The Ni-NTA column was washed with high-salt buffer (50 mM Tris-HCl
pH 7.5, 1000 mM NaCl, 1 mM TCEP), followed by low-salt buffer (50 mM Tris-HCl pH
7.5, 50 mM NaCl, 1 mM TCEP) and the protein was eluted in elution buffer (50 mM
Tris-HCl pH 7.5, 50 mM NaCl, 250 mM Imidazole, 1 mM TCEP). The fractions con-
taining Anillin-chis were pooled, concentrated using an Amicon ultracentrifuge filter, and
loaded onto a HiLoad 16/600 Superdex 200pg size exclusion column (Cytiva 28-9893-35)
in storage buffer (50 mM Tris-HCl pH 7.5, 300 mM KCl, 5% Glycerol, 1 mM TCEP).
Protein-containing fractions were pooled, concentrated, and flash-frozen in liquid nitrogen.
Protein concentration was measured using Nanodrop Spectrophotometer (ThermoFisher).

Primer information

Primer: pCoofy41_Anillin_chis

Template Vector: pCoofy41
p41_chis_FW: CATCATCATCATCACCACTGACGCCATTAACCTGATGTTCTGG
pC41_Anilin_chis_RV: GTAAACGGATCCATGGTGGCGGGCCCCTGGAACAGAAC

Template Insert: Anillin
Anillin_chis_RV: CAGTGGTGATGATGATGATGAGGCTTTCCAATAGGTTTGTAGC
Anillin_chis_FW: AAGTTCTGTTCCAGGGGCCCGCCACCATGGATCCGTTTACGGAGAAACT
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Proteins and crowding agents
Actin (α-actin skeletal muscle, rabbit), ATTO647-Actin (α-actin skeletal muscle, rabbit)
and Biotin-Actin (α-actin skeletal muscle, rabbit) were purchased from HYPERMOL (Ger-
many). GFP-Anillin was a kind gift from the Lansky & Braun Lab. Stock solutions of
the purchased proteins were prepared by following the handling instructions of the man-
ufacturer. A stock solution of neutravidin (Thermo Fisher Scientific Inc., Massachusetts,
USA) was prepared by dissolving the protein in water according to the reconstitution in-
structions. MinE-His, His-MinD and His-EGFP-MinD were purified as described elsewhere
[328]. Stock solutions of the crowding agents BSA (Sigma-Aldrich, St. Louis, USA), Fi-
coll70 (Sigma-Aldrich, St. Louis, USA), and 60% Iodixanol (OptiPrepTM) were prepared
as previously reported [344].

GUV production
Lipids were purchased from Avanti Polar Lipids (USA). Vesicles were produced in 96 well-
plates by the inverted emulsion method as previously described [344]. Lipid mixes em-
ployed consisted either of POPC:POPG:Biotinyl CAP PE in a 7.9:2:0.1 molar ratio or
POPC:PIP3 in a 9.5:0.5 molar ratio. To label the membrane, 0.05% ATTO532-DOPE was
added to the lipid mix. For vesicles containing biotinylated lipids, the actin mix comprised:
86% unlabelled g-actin, 10% ATTO647-actin, and 4% biotinylated actin. For vesicles with
PIP3, the actin mix consisted of: 90% unlabelled g-actin and 10% ATTO647-actin. When
Min proteins were included in the inner solution mix, MinD consisted of 70% His-MinD
and 30% His-EGDP-MinD. All inner solution mixes for GUV production were prepared in
a final buffer concentration (reaction buffer) of 50 mM KCl, 10 mM Tris-HCl, and 5 mM
MgCl2.

Fluorescence microscopy
Imaging of vesicles was performed on a LSM800 confocal laser-scanning microscope using
a C-Apochromat 40×/1.2NA water-immersion objective (Carl Zeiss, Germany). Fluo-
rophores were excited using diode-pumped solid-state lasers: 488 nm (EGFP-MinD, GFP-
Anillin, ATTO532-DOPE), and 640 nm (ATTO647-Actin).
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