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ZUSAMMENFASSUNG

Die Erzeugung von in vitro Umgebungen, die zelluldre Bedingungen imitieren, ist ein
wichtiger Bestandteil der synthetischen Bottom-up-Biologie. Solche Umgebungen
miissen relevante biochemische und biophysikalische Funktionalitidten sowie die
richtige Form enthalten - da die Geometrie bei vielen biologischen Prozessen eine
entscheidende Rolle spielt. In dieser Hinsicht ist die Mikrofabrikation ein effektiver
Weg, um Strukturen auf Langenskalen zu bilden, die die Proteinfunktion beeinflussen
konnen. Mit den neu aufkommenden Verfahren in der Biochemie und den Fab-
rikationstechnologien stehen wir vor der stindigen Herausforderung, uns an neue
Methoden anzupassen und dann innovative Designideen zu entwickeln, die uns ein
besseres Verstdndnis des jeweiligen biologischen Systems ermdglichen.

In dieser Arbeit habe ich mich auf die Entwicklung von Werkzeugen konzentriert,
mit denen wir die Geometrie von in vitro Umgebungen kontrollieren kénnen, die
insbesondere Lipidmembranen involvieren. Die Lipidgrenzfldche ist eine entschei-
dender Teil der zelluliren Umgebung, an der viele Proteinfunktionen stattfinden.
Ihre Morphologie zuverlédssig zu kontrollieren ist jedoch ein Problem, das noch nicht
zufriedenstellend gelost ist.

In einer Reihe von Projekten habe ich Moglichkeiten entwickelt, gestiitzte Lipid-
membranen auf starren Tragern zu strukturieren, und zwar in Dimensionen, die von
planaren 2D-Substraten iiber gepriagte 2,5D-Kompartimente bis hin zu vollstandigen
3D-Strukturen reichen. Diese wurden wiederum genutzt, um die Geometriesensi-
tivitat des E. coli MinDE-Systems zu erforschen. Dieses Proteinsystem bildet ein
Reaktions-Diffusions-Netzwerk, das sich selbst zu dynamischen Mustern organ-
isiert, die auf einem komplizierten Wechselspiel zwischen ihrer Diffusion zwischen
dem gelosten Zustand und der Membran sowie ihrer zugehorigen Reaktionskinetik
basieren. Daher spielt die Membrangeometrie eine entscheidende Rolle bei dessen
Musterbildung und wurde daher zum Ziel einer tieferen Untersuchung.

Mit dem Ziel nach freistehenden Membrangeometrien zu erzeugen, welche zel-
luldre Formen nachahmen, demonstrierte ich die Herstellung von dynamischen,
formverandernden 4D-Strukturen aus proteinbasierten Hydrogelen, die Lipidvesikel
verformen. Aufserdem untersuchte ich die Herstellung von stabileren freistehenden
Membransystemen aus synthetisierten Dendrimer-Molekiilen, die extremere Form-
transformationen erlauben. Indem wir MinDE-Muster auf diesen synthetischen Mem-
branen rekapitulierten, zeigten wir ihre funktionelle Analogie zur Lipiddoppelschicht
und schlugen damit ein alternatives Modellmembransystem fiir die synthetische
Biologie vor. Schliefdlich wendete ich den 3D-Druck an, um die Mikroskopie von
Bakterien in aufrechter Position zu ermoglichen, was die Darstellung des Divisoms
durch superauflosende Techniken erleichtert.

Wihrend sich diese Untersuchungen in erster Linie um das Studium des Min-
Systems drehen, haben die in dieser Arbeit entwickelten Methoden breitere Anwen-
dungen in der synthetischen Biologie im Allgemeinen, vor Allem fiir membraninter-
agierende oder membranassoziierte Proteine mit geometriesensitiven Eigenschaften.
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Der 3D-Druck von dynamischen, formverdndernden Strukturen hat auch Auswirkun-
gen liber Membransysteme hinaus, wo wir weitere Entwicklungen erwarten kdnnen,
die auf dieser Technologie aufbauen, um komplexere, biomimetische Verhaltensweisen
zu rekapitulieren. Somit prasentiert diese Arbeit spannende methodische Fortschritte
tir die synthetische Bottom-up-Biologie.
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ABSTRACT

The creation of in vitro environments that mimic cellular conditions is a key part of
bottom-up synthetic biology. Such environments must contain relevant biochemical
and biophysical functionalities, as well as the right kind of shape - as geometry plays
a crucial role in many biological processes. In this regard, microfabrication is an
effective way to pattern structures on length scales that can influence protein function.
With emerging technologies in biochemical and fabrication tools, we face a continuous
challenge to adapt to new methods, and then to innovate on design ideas that would
give us a better understanding of the biological system in question.

In this thesis, I focused on developing tools with which we can modulate the
geometry of in vitro environments that involve, in particular, lipid membranes. The
lipid interface is a crucial component of the cellular environment, where many protein
functions take place. However, reliably controlling their morphology is an issue that
has not yet been conclusively solved.

In a series of projects, I developed ways to pattern supported lipid membranes
on rigid supports, in dimensions ranging from planar 2D substrates, embossed 2.5D
compartments, and fully 3D structures. These were in turn used to interrogate
the geometry sensitivity of the E. coli MinDE system. This protein system forms
a reaction-diffusion network, which self-organise into dynamic patterns based on
an intricate interplay between their diffusion between the bulk and the membrane,
as well as their associated reaction kinetics. Therefore, the membrane geometry
plays a crucial role in their pattern formation, and thus became a target of deeper
investigation.

In a quest to then create free-standing membrane geometries that mimic cellular
shapes, I demonstrated the fabrication of dynamic, shape-shifting 4D structures made
of protein-based hydrogels that deform lipid vesicles. I also investigated the reengi-
neering of more stable free-standing membrane systems from synthesized dendrimer
molecules that permit more extreme shape transformations. By recapitulating MinDE
patterns on these synthetic membranes, we demonstrated their functional analogy to
the lipid bilayer, thus proposing an alternative model membrane system for synthetic
biology. Finally, I applied 3D printing to enable the upright imaging of bacteria,
facilitating the imaging of the divisome by super-resolution techniques.

While these investigations primarily revolve around the study of the Min system,
the methods developed in this thesis have wider applications in synthetic biology in
general, where membrane interacting or associated proteins with geometry sensitive
properties are concerned. The 3D printing of dynamic, shape-transforming structures
also have implications beyond membranous systems, where we can anticipate further
developments that build on this technology to recapitulate more complex, biomimetic
behaviours. Thus, this thesis presents exciting methodological advancements for
bottom-up synthetic biology.
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Scientific Context






Microfabrication in in vitro biology

One of the greatest challenges in biological research is to precisely manipulate relevant
molecules in space and time, so that we can systematically investigate their impacts
on the biological system in question. Over the past few decades, microfabrication
has emerged as an effective method to recreate in vitro environments in which
we can controllably pattern and modulate such biomolecules [1-3]. Technological
advancements have provided us with a variety of tools to construct devices at
micrometer or even smaller resolutions [4-6]. Since many biological processes and
features, including cellular reactions, protein structures, cells as well as higher level
multicellular structures, exist and interplay on such length scales, this has become a
powerful tool [7, 8]. With the ability to dynamically regulate these microenvironments,
these devices can then exert a high degree of spatiotemporal control over the system
under investigation, and therefore, has made a significant impact on biological
research in general [9-11].

In the most widely used form of microfabrication, a microstructure is typically
fabricated through local modification of the chemical or physical properties of a flat
substrate, resulting in 2D patterns or extruded structures that are imprinted on a flat
surface [12]. Common techniques include photolithography and e-beam lithography,
which allows sub-micron features to be fabricated with high reproducibility (Fig
1.1). This first became prominent in the semiconductor industry, which requires
high-precision, two-dimensional patterning methods to fabricate integrated circuits
[12]. Since these patterns could be used as masks for downstream patterning of other
materials by chemical etching, metal deposition or even biological molecules, this
also became widespread in biology [7, 13, 14], and also forms the basis for a number
of techniques explored in this thesis.

Such a photo-patterned structure can also be used as a template, whose designs
can be directly transferred to another substrate through direct physical contact. This
is called soft lithography, and elastic, mouldable and inexpensive materials such
as polydimethylsiloxane (PDMS) allows one master chip to be reused as a template
hundreds of times [5]. These structural copies then be applied in a variety of
downstream techniques, including negative molding, microcontact printing as well as
chip fabrication for microfluidics, and is therefore an extremely important technology
that allows us to create dynamic physical and chemical environments on micron
length scales in a facile, cost-effective way [5]. Through the evolution of these methods,
we are also able to create more complex structures, for example, microfluidic valves
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CHAPTER 1. MICROFABRICATION IN IN VITRO BIOLOGY

using multi-layered soft lithography [10]. However, since these structures are made
from imprints of a 2D template, some 3D structures, such as a sphere, a monkey bar
or a windmill that requires detachable parts, are impossible to fabricate, and is also
limited in their ability to faithfully reconstruct complex biological shapes that are
abundant in nature.

In more recent developments, 3D printing has emerged as a powerful tool to
fabricate biologically relevant microenvironments (Fig 1.1). In contrast to constructing
limited 3D shapes that are extrusions from 2D designs (termed 2.5D), 3D printers
can place, position or pattern relevant materials with three-dimensional degree of
freedom, and can therefore create complex 3D features that were difficult or impossible
to achieve with previous methods. In particular, two-photon direct laser writing
(2PP-DLW) is a prominent focus of this thesis, which requires two photon absorption
to crosslink UV sensitive photoresists, thus allows us to fabricate features with micron
scale resolution.

In the following sections, I introduce fabrication techniques that are more promi-
nently featured in this thesis in more detail, and highlight their applications in in vitro
biology.

2D Fabrication
| | 5 Soft lithography
Photolithography )
Template
Chemical/Plasma etching
E-beam lithography Metal Deposition
3D printing
Extrusion printing Direct laser writing Inkjet printing

Figure 1.1. Commonly used microfabrication techniques. 2D fabrication methods, such
as photolithography and e-beam lithography, are commonly used to pattern chemically
responsive polymers, called "resists", into a template. This is then used for downstream
patterning methods, such as soft lithography, etching and metal deposition. 3D printing
methods include extrusion printing, which extrudes materials through a mechanically
controlled nozzle; direct laser writing, which uses a focused beam of light to crosslink
photoresins; and inkjet printing, which eject bioinks through an actuator as controlled
droplets.




CHAPTER 1. MICROFABRICATION IN IN VITRO BIOLOGY

1.1 Photolithography

In general terms, lithography is a technique that transfers copies of a master pattern
onto the surface of a solid material, such as a silicon wafer. Typically, this process
starts by depositing a thin layer of organic materials, called “resist”, onto the substrate
surface through spin coating. In photolithography, the resist is then patterned through
exposure to UV light, whereby the UV illumination makes a local area on the resist
either soluble or insoluble in a solvent. These areas can subsequently be dissolved
away, leaving a device that has nano- or microscale features, which may be directly
used or can be subject to further processing such as etching, surface modification, and
other patterning steps.

The popularity of photolithography stems from its ability to transfer digitally
designed, complex 2D patterns to a master template with high fidelity and high spatial
resolution with facile and well-documented preparation steps [15]. This allows us to
design custom-shapes and tailor geometries that are relevant for the specific biological
system in question. Photoresists are commercially readily available, whose the main
classes of resists are positive tone resists, which become more soluble upon UV
exposure, and negative tone resists, which become less soluble due to light-initiated
polymer cross-linking. (Fig 1.2) They vary in physical and chemical properties that
are suitable for different applications. Resists with certain viscosities can be chosen to
set the overall thickness upon spin coating and therefore the vertical dimensions of
the micropatterns, which can range from 100 nm to 150 pm [12, 15]. Photosensitivity
and photochemistry are also optimised according to the desired minimum feature
size, which can be down to around 1 pm or the diffraction limit of light [12]. Substrate
adhesion as well as chemical resistance are also important parameters for subsequent
downstream processing and surface modifications.

Uv

—i—

| | |
Negative Tone

Mask Development

-
[ ] [ | [ |
Positive Tone

Figure 1.2. Positive and negative tone photoresists. Positive tone resists become more soluble
upon UV exposure, whereas negative tone resists become less soluble due to light-initiated
polymer cross-linking.

The patterns prepared in this way can then be subsequently used as "masks" to
pattern different materials. Metal deposition, although more commonly employed
in semiconductor manufacturing, has for example been used to pattern supported
lipid membranes for in vitro reconstitution assays [16-18]. Chemical etching has been
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CHAPTER 1. MICROFABRICATION IN IN VITRO BIOLOGY

used to fabricate microfluidic lanes in glass, providing the platform for recapitulating
coupled oscillators in synthetic systems [19]. Reactive ion etching, which uses
high energy plasma to etch away materials, was employed to fabricate microwells
in CYTOP to reconstitute membrane proteins in vitro [20]. Biomolecules can also
be effectively deposited on photolithography patterned substrates, for example,
cell adhesion molecules that regulate intracellular cytoskeletal networks [13], and
nucleator molecules to control growth of actin filaments [14].

When smaller feature sizes are required, electron-beam lithography can be em-
ployed, which makes use of a tightly focused beam of electrons, rather than photons,
to draw patterns into a chemically modifiable resist. With this technique, features
can be resolved below the diffraction limit, and can be as low as a few nanometers
[12]. Applications in in vitro biology include sub-micron dots to study cell adhesion
[21], creating nanotopography inside microfluidic channels for cell culture [22], and
creating confined environments for bacteria with high curvature structures [23].

A major drawback of photolithography, however, is the intrinsic cost associated
with specialised equipment and materials that are required for fabrication. A purpose-
built cleanroom is generally necessary, which is inaccessible for many labs without
specific microfabrication expertise. The downstream patterning steps also become
progressively more tricky - for example, the photopatterning of CYTOP by reactive
ion etching requires the fabrication of a photomask, then a mask aligner to expose the
photoresist, and then a reactive ion etcher with oxygen supply, which all independently
incur high costs and expertise to operate [20].

1.2 Soft Lithography

The structures created by the above methods can be used as templates for molding,
which forms the basis for soft lithography. Soft, often elastomeric materials such as
PDMS can be poured onto the stamp, hardened, and subsequently detached, such
that the patterns are copied repeatedly from the master template to produce hundreds
of devices. This technique still relies on the use of methods such as photolithography
to fabricate the master, but once that is available, most of the fabrication tasks can
be continued outside a clean room. This is a significant advantage for those who do
not have routine access to expensive clean room facilities or for applications where a
high number of replicates are necessary, where the cost per device can be a serious
concern.

The molded PDMS structures can then be used in many biological applications.
For example, microcontact printing a technique where the surface of a stamp can be
coated with a material, e.g., proteins, which can be transferred onto another surface by
stamping onto it (Fig 1.3). This has been widely used as a method of two-dimensional
bioprinting, and cells are known to respond to patterns created by this method [1, 24].

Another application of soft lithography is microfluidics, which has revolutionalised
the field of biotechnology since its invension [25]. Through manipulation of small
reaction volumes and micron-scale compartments, it can create physical and chemical
environments, such as a constant pressure or constant nutrient replenishment, ona
length scale that is relevant for biological systems [23]. In in vitro synthetic biology, it
has been widely used to create mimicries of cellular environments, such as microfluidic
generation of droplets, vesicles as well as membranous compartments. They can also
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CHAPTER 1. MICROFABRICATION IN IN VITRO BIOLOGY

be used as traps to keep vesicles for microscopy observation [26-28], or to mechanically
deform them into aspherical shapes, mimicking the shape of bacteria [29, 30]. Multi-
layered devices and incorporation of valves have also allowed the implementation of
large-scale, complex manipulation of reaction volumes for applications in organ-on
chip devices as well as high-throughput screening systems [10].

In many ways, PDMS is an ideal material to fabricate micron-scale structures.
PDMS has soft, elastomeric properties with a shear modulus of 0.25 MPa and a
Young’s modulus of roughly 0.5 MPa, which allows it to conform to a surface and
achieve atomic-level contact [5]. This enables template patterns to be replicated with
high fidelity, and they can be peeled off the substrate very easily after molding and
curing. It is non-toxic and optically transparent down to about 300 nm [5]. It is
intrinsically hydrophobic, but its surface can be modified by a variety of surface
chemistry methods. In particular, oxygen plasma treatment can render the surface
hydrophilic, and it can adhere and seal irreversibly to many types of substrates —a
feature that is particularly extensively used in microfluidic systems.

On the other hand, PDMS has a refractive index of 1.43, which is significantly
different to water (n=1.33). This creates distortions during optical imaging, for
example, fluorescence microscopy, thus severely degrading image quality. They are
also permeable to most gases including water vapour, and therefore, it is challenging
to retain aqueous volumes within PDMS-sealed devices for a long time. In this regard,
materials with superior physicochemical properties are sometimes preferred over
PDMS.

Soft lithography also offers access to a much broader range of materials through
another molding technique called replica molding. Once an elastomeric copy of the
template is made, e.g., with PDMS, it is stamped and imprinted onto a different,
uncured material. Once the material cross-links, the stamp is peeled off to leave the
imprint on the desired material. This allows a choice with much greater freedom of
materials with physical and chemical properties matched to the application. As an
example, cyclic olefin copolymer (COC), which is a commonly used thermoplastic
that offers increased solvent as well as heat resistance, higher rigidity and water
vapour impermeability, was replica molded to withstand the temperature cycling
required for crystallography experiments [31]. In this thesis, I explored this method
to pattern CYTOP as a refractive-index matched polymer that is ideal for imaging,
and dramatically increasing the accessibility and cost-effectiveness compared to the
previously employed method by reactive ion etching.

1.3 3D Printing and two-photon direct laser writing

3D printing has more recently emerged as an alternative tool to fabricate microstruc-
tures relevant for biological research [6]. In contrast to previous fabrication methods,
which can only transfer patterns to two-dimensional surfaces and thus the structures
created are 2D embossed or extruded structures, 3D printers can place, position or
pattern relevant materials with three-dimensional degrees of freedom, which can
create complex 3D features that were difficult or impossible to achieve with previous
two-dimensional fabrication methods.

Several methods of 3D printing play a key role in biofabrication, including
extrusion-based, inkjet, and stereolithography-based printing [32-35]. They vary
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Soft lithography

— v T

Replica Molding Microcontact Printing Microfluidics

; Press *

v v

Figure 1.3. Applications of soft lithography. PDMS stamps made from a master template
can be used for various applications. Replica molding: the stamp can in turn be used as a
template to transfer patterns onto a different material. Microcontact printing: the surface of a
stamp can be coated with a material, e.g. proteins, which can be transferred onto another
surface, e.g. glass, by stamping onto it. Microfluidics: a plasma-activated PDMS is commonly
bonded to a glass surface, thereby creating channels and microenvironments, in which small
volumes of solutions are manipulated.




CHAPTER 1. MICROFABRICATION IN IN VITRO BIOLOGY

in printing resolution, speed and cost of fabrication, and available materials, which
govern printing fidelity and stability, as well as physical properties such as mechanical
strength and elasticity, and chemical properties such as biocompatibility. In this thesis,
I focus on stereolithography, and in particular, two-photon direct laser writing, as
it manages to print structures with micron or even sub-micron resolutions which is
necessary to study protein function [6, 35].

3D printing by laser stereolithography relies on light-initiated polymerization of
photoactive resins to fabricate 3D structures. Much like 2D photolithography, high-
energy light irradiation turns uncrosslinked resins into cross-linked, solid / gel-like
polymeric networks, and the incident light is focused into a more defined 3D focal
volume. This focal volume traces lines in the resin volume and sequentially builds up
a three-dimensional design by polymering materials layer-by-layer.

In a single-photon set up, one photon, usually in the UV range, is absorbed by a
photosensitive molecule. The energy from this single photon is enough to promote the
molecule to a higher energy state, thus triggering bond formation. In a multiphoton
set up, two (or more) low energy photons are absorbed quasi-simultaneously (<1 fs
of each other) by a single molecule, and only then does it have enough energy to be
promoted to a higher energy state [35]. The importance of this distinction is because
the likelihood of a 2-photon excitation falls off dramatically away from the centre of
the focal volume, which means that 2-photon absorption and crosslinking is only
likely to occur at this very point, where the laser is very tightly focused and thus laser
intensity is at its maximum (Fig 1.4). With this tight spatial control of the crosslinking
point, 2-photon lithography is able to print structures with high resolutions, becoming
extremely relevant for in vitro biological studies where processes and features occur
at these micron length scales.

Additionally, 2PP-DLW uses lower energy photons, often in the near IR-range,
to excite the photoresist. By using IR radiation as opposed to UV, this can limit
interaction with the resin through which the laser passes to reach the focal volume.
This can be crucial for preventing damage to, for example, proteins or DNA, which
can readily absorb UV irradiation.

The main issue facing 2PP-DLW for biological applications is the availability of
suitable biocompatible and biorelevant photopolymerisable materials. Materials such
as SU8, Ormocomp, pentaerythritol triacrylate (PETA) and trimethylolpropane ethoxy-
late triacrylate (TPETA) are well established polymer systems in bio-applications
because they have low cytotoxicity, are easy to handle, and show minimal autofluores-
cence with good transmittance of light for imaging [35, 36]. Other materials are being
rapidly being developed, including non-toxic organic polymers, ceramics, hydrogels
[6], as well as post-functionalisation methods to alter their surface properties [37].
Direct protein printing is also possible, where a concentrated solution of proteins such
as bovine serum albumin (BSA), avidin and collagen are prepared with photoinitiators,
so that the protein molecules themselves crosslink to each other to form a polymer
network. I introduce this in more detail in Chapter 3.
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Figure 1.4. Working principles of two-photon direct laser writing. (top) In 2-photon direct
laser lithography, two low energy photons are absorbed quasi-simultaneously (<1 fs of each
other) by a single molecule, and only then does it have enough energy to be promoted to a
higher energy state. The likelihood of such an event is high only at very high laser intensities,
which occurs at the very centre of the focal volume. (bottom) Examples of structures printed

by 2PP-DLW. Scale bar 10 pm.
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Biological Functionalisation using
membranes

The efficacy of using microfabricated environments to study biology hinges greatly on
how closely we can mimick the biological functionality that is relevant to the system in
question. Recreating such microenvironments entails passivating or functionalising
the microfabricated devices with relevant biological molecules. This ensures that they
have the desired interactions with their target molecules but do not interfere with
others. In this thesis, I focused on recreating membranous environments to study
lipid-interacting protein systems through in vitro reconstitution experiments.

The cellular membrane is an extremely dynamic and complex system that contains
a diversity of closely regulated lipid types. Membrane structures like phase separated
rafts, as well as a myriad of membrane proteins that weakly or strongly associate with
the membrane also alter membrane properties [38]. Model membrane systems, on
the other hand, are simplified mimics of the cellular membrane that still manage to
recapitulate key functionalities, and have tremendously accelerated our understanding
of lipid-protein interactions [39-41]. Many different model membrane systems have
been established for in vitro reconstitution experiments (Fig 2.1). These include
supported lipid monolayers and bilayers, free-standing membranes such as pore
spanning bilayers and black lipid membranes as well as compartmentalised systems
such as water-in-oil droplets and unilamellar vesicles [39, 41]. In the following sections,
I detail solid supported membranes and compartmentalised systems (droplets and
vesicles) in particular, which became the focus of my thesis.

2.1 Solid supported membranes

The solid supported membrane is a model membrane system where a mono- or
bilayer of lipids coats the surface of a solid substrate. A large number of systems has
been described, including solid-supported lipid monolayers, supported lipid bilayers,
polymer-cushioned lipid bilayers, tethered lipid bilayers, and supported vesicular
layers [42]. Mechanical stability is an attractive property of this model membrane
system, and they can also be formed on patterned supports to vary their geometry,
which makes them an ideal target for in vitro reconstitution studies.

Solid supported membranes are typically formed by a process called vesicle
deposition, where vesicles adsorb onto the substrate, deform and then rupture and
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Figure 2.1. Commonly used model membrane systems. Solid supported membranes are
formed on substrates such as glass/mica, which can also be patterned by gold/chromium.
PDMS and silica beads can also be used. Free-standing bilayer systems include vesicles
of various sizes: small, large and giant unilamellar vesicles, as well as pore suspended
bilayers and black lipid membranes. Monolayer systems consist of water-in-oil droplets,
Langmuir-Blodgett troughs and self-assembled monolayers on ultra-hydrophobic surfaces.
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spread into planar membranes. This process is a complex interplay of lipid-substrate
and lipid-lipid interactions. In particular, the substrate-membrane interaction is a
crucial parameter governing the initial rupture process of the vesicles. Physically, the
balance between the gain in adhesion energy as the lipids come into contact with
the surface, and the cost in the vesicles” curvature energy determines vesicle rupture
[43]. In the case of bilayer formation, attractive electrostatic interactions between
hydrophilic substrates and charged lipids is considered essential. This can be further
tuned by buffer conditions such as pH and ionic strength that can screen long-range
charge interactions. Divalent cations such as calcium or magnesium do not only
participate in the screening of charges, but they also directly interact as a “bridge"
between surfaces and lipids promoting the adsorption and rupture of vesicles and
supported lipid bilayer supported lipid bilayer (SLB) formation [44]. Hydrophobic
surfaces generally do not trigger membrane formation, but ultra-hydrophobic surfaces
can cause a rearrangement of the membrane structure such that the lipid tails come into
contact with the substrate, forming a monolayer membrane [45]. Other parameters
such as surface roughness and lipid composition (physical size, charge strength, tail
length, saturation) also determine the fluidity of the membrane, which can play an
important role in protein-lipid interactions. It is therefore paramount that these
considerations are taken into account when recreating a lipidated environment.

By patterning the substrate, we can also modulate the geometry of solid supported
membranes. For example, in a study by Groves et al. patterned strips of metal were
deposited on a glass substrate by thin film evaporation [16]. Different metals exhibited
different interactions with vesicles: aluminium oxide completely prevented vesicle
rupture on its surface, whereas immobile membranes formed on chrome, indium
tin oxide (ITO) and gold [17]. These areas served as diffusion barriers that prevent
different regions of membranes from interconnecting, thereby introducing boundary
conditions for surface-interacting proteins [18, 46].

Another effective way to modify the geometry of solid supported membranes is
to directly form them on substrates with a particular geometry, e.g. silica beads or
rods, or on microfabricated structures [47, 48]. This is particularly useful to elucidate
biological functions dependent on certain spatial features. For example, the curvature
sensitivity of septin was demonstrated by a binding assay on beads with defined
sizes that were covered with membranes. In other studies, supported membranes
were formed on PDMS microwells, whose membrane coated walls were used to
imitate rod-like geometry of E. coli. The robust patterning methods available for solid
supported membranes makes it attractive for investigating the effect of geometry on
membrane-associated protein function.

2.2 Droplets and Vesicles

In contrast to solid supported membranes, droplets and vesicles offer a compartmen-
talised model system with free-standing mono or bilayer membranes. Due to their
typical sizes (1-100 pm) and geometry resembling those of cells, they have been widely
used to mimic the cytosolic conditions of cells in in vitro reconstitution assays [49-51].

Water-in-oil droplets are aqueous volumes in the femto- to nanolitre range
dispersed in an oil phase, whose interface is often stabilised by surfactants. Droplets
can be easily made by using a stirrer, homogeniser or simply by shaking to mix the two
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phases together to form emulsions, but more controlled methods such as microfluidics
has also been employed to improve the monodispersity of generated droplets [52].
Many combinations of surfactants and oils have been explored to improve the stability
and biological compatibility of these systems [53], and the use of lipids as surfactants
has been particularly effective for in vitro reconstitution experiments. Dynamic activity
of actomyosin cortices [54] and cellular division machinery such as FtsZ and Min
proteins have been reconstituted inside droplets as minimal models of cell mimicks, as
well as more complex bottom-up assembly of biochemical modules that recapitulated
functions of organelles [55].

Synthetic vesicles, or liposomes, are aqueous volumes that are encapsulated by
a lipid bilayer, and are arguably truer mimics of the cellular membrane. Smaller-
sized liposomes, such as small unilamellar vesicless (SUVs) (<100 nm) and large
unilamellar vesicless (LUVs) (100 - 1000 nm) have been used to study protein-
membrane interactions or curvature recognition, but are too small for visualization
of dynamic processes by optical microscopy[39, 56]. giant unilamellar vesicless
(GUVs), in turn, with their size between 1 - 100 1m are both on the scale of living cells
and amenable to optical microscopy [39-41]. In recent years, a variety of methods
have been developed to encapsulate reaction volumes inside GUVs, mimicking the
contruction of minimal protocells [57, 58].

Water-in-oil droplets and vesicles are ideal systems to encapsulate reaction
volumes, where lipid interacting proteins are reconstituted in a cell-like environment.
For both water-in-droplets and vesicles, however, deformation away from their
equilibrium, spherical shape is mechanically challenging. Droplets have a high
interfacial tension that prevents strong deformation, whereas vesicles become highly
unstable beyond their optimum spherical geometry. Although microfluidic tools have
been shown to deform vesicles using pre-shaped traps and a careful osmotic control
[29, 30], the range of different shapes that it can create is rather limited and difficult to
deform reliably.
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Bioprinting

Bioprinting involves the controlled deposition of biomolecules, often proteins, in
2D or 3D, and is an effective way to mimic the complexity of biological entities like
cells and organelles. There are several established and developing methods that can
form features on a wide variety of substrates: microcontact printing (section 1.2),
dip-pen nanolithography [59] and light-induced molecular patterning [60, 61]. Of
particular interest are 3D printing techniques that can pattern relevant biomolecules
in micron-sized 3D structures, and I describe such a method in this section in more
detail.

3.1 3D printing of protein-based hydrogels

two-photon direct laser writing (2PP-DLW) has emerged as an alternative method to
pattern proteinacious environments in 3D [62]. A protein-based photoresin consists of
a highly concentrated protein solution mixed with a two-photon excited photoinitiator
(schematic in Fig 3.1a), and laser irradiation causes a radical chain reaction that
crosslinks adjacent protein molecules into a polymer, hydrogel-like network. Thus,
protein solutions can be directly structured into soft, actuatable 3D printed shapes.
Owing to the high spatial resolution of 2PP-DLW, structures can be printed at sub-
micron length scales with high reproducibility (section 1.3), and thus has attracted
interest in synthetic biology and bioengineering.

For crosslinking using such high laser intensities, the integrity of protein func-
tionality after polymerisation naturally comes under question. The cross-linking
mechanisms associated with these techniques are not yet fully understood, although
several mechanisms have been proposed [62]. A study by Spikes et al. [63] suggested
that certain amino acid residues, such as tyrosine, is involved in the generation of
radicals, which then trigger bond formation in other amino acid residues such as
tryptophan, tyrosine, cysteine, histidine and methionine in adjacent protein molecules
[62]. Such additional bond formations could disrupt the protein’s tertiary structure,
and thus cause loss of protein functionality. So far, it has been shown that certain
biochemical functions do remain intact, for example, biotin-avidin affinity [64], as
well as the function of fibrinogen as biomarkers for cell adhesion [65].

The choice of photoinitiators is also a point of consideration. Commonly-used
photoactivators include Rose Bengal (RB), Flavin Mononucleotide (FMN) and Flavin
Adenine Dinucleotide (FAD) for their good absorption properties and their ability
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to generate radicals (Fig 3.1b,c). Type-2 initiators are often preferred, which initiate
crosslinking by radical generation but are not incorporated into the polymer network
themselves [66]. This prevents the printed structures themselves being photosensitive,
which can lead to further generation of radicals that interfere with protein function,
or the structures can deform and swell during imaging. Rose Bengal is particularly
widely used because of its photoefficiency, but its binding affinity with commonly used
protein such as BSA results in highly autofluorescent and photosensitised structures
[67, 68]. There is a continuous effort to improve the photoinitiator properties for
protein printing, including a benzophenone derivative (BPD), which is a type-II
initiator with lower protein binding affinity that has been used to cross-link small
amounts of various types of collagen [66, 69].

Several different proteins have been successfully printed, including BSA, avidin,
collagen, fibrinogen and lysozyme [62]. These proteinaceous structures were suc-
cessful in capturing and guiding cells in multicomponent scaffolds [70] as well as in
more complex, tissue-like geometry [71]. Proteinaceious scaffolds were also used as
microactuators, since they can reversibly swell or shrink due to external stimuli like
pH or salt concentration [72-74], or sensitised to light [75].
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Figure 3.1. 3D printing of protein-based hydrogels. a) Schematic illustrating 2PP-DLW of
protein based hydrogels. A protein-based photoresin consists of a highly concentrated protein
solution mixed with a two-photon excited photoinitiator. The photoresin is then crosslinked in
a 2PP-DLW setup. The polymerised voxel (width dp,1, height hpq) is ellipsoidal in shape, and
lies at the centre of the actual laser focal volume (width doca), height hgoca1), which gives tight
spatial control over the crosslinked region. Chemical structures of common photoinitiators
(b) Rose Bengal and (c) FMIN.
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in vitro reconstitution of dynamic protein
systems

in vitro reconstitution aims at recapturing functional modules of some of life’s
most fundamental processes, such as replication, division, energy harvest, growth,
signalling and motility, in an artificial environment. The ultimate goal of reconstitution
efforts is to construct an artificial cell from the bottom-up — to a point where each of
the components are understood and can be manipulated freely, so that a minimal
living entity can be created from scratch. In this process, these components are
studied in isolation, in environments where parameters can be varied systematically,
and this approach has delivered crucial insights into biological systems. Notable
examples of these include the F1-ATPase, which was immobilised on a glass surface,
and by attaching an actin fragment to its g-subunit, its rotation was directly visualised,
revealing the detailed kinetics of one of the most fundamental enzymes in biology
[76]. The development of cell-free protein expression (CFPE) systems [77, 78] have
also allowed synthetic gene circuits [79], generate integral and peripheral membrane
proteins [80], and even the production of large viral assemblies capable of infection
[79]. These efforts have not only given answers to some of the most fundamental
questions about what and how basic modules of life function, but also generated new
avenues for biotechnological applications [81].

One area where in vitro reconstitution has had a considerable impact in is the
study of bacterial cell division machinery [81, 82]. In particular, our understanding of
the E. coli Min system has been accelerated by the use of microfabricated, artificial
microenvironments, and is also one of the main systems explored in this thesis. In
the following sections, I introduce this protein system in more detail.

41 E. coli Min system

The Min system of Escherichia coli (E. coli) is a crucial component of cell division. It
was first identified by mutations of its corresponding genetic locus minB that led to
the formation of miniature cells, called "minicells”, and these did not contain any
DNA [83]. Three proteins encoded by minB: MinC, MinD and MinE [84], were then
found to play a crucial part in ensuring symmetrical division of E. coli cells [84].
MinD and MinE are membrane binding proteins that self-organise according to a
reaction-diffusion mechanism. They oscillate rapidly from pole to pole, and their
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Figure 4.1. Overview of the E. coli MinDE system. Schematics depicting a) the molecular
mechanism behind Min self-organisation; b) Min oscillations in vivo that position the division
ring in the cell middle; c) previously employed microfabrication techniques to study Min
pattern formation: PDMS "bathtub" structures to create confinement, and chrome/gold
patterned SLBs to define membrane boundaries in 2D.
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time averaged concentration gradient is depleted in the middle of the cell. MinC
is the “effector” protein, which binds to MinD inhibits the polymerisation of FtsZ
(filamentous temperature sensitive Z), thus preventing formation of the Z-ring at
anywhere other than the midcell.

Since the cell division of E. coli is initiated by the formation of this Z-ring, posi-
tioning of this machinery in the cell middle by the Min system is key to obtaining two
viable daughter cells of the same size. In a more detailed mechanism, FtsZ is anchored
to the membrane by FtsA and ZipA, which then recruits further components of the
divisome, such as FtsN, FtsW, FtsBLQ and many more, which include intracellular
stabilizers, proteins that cross the plasma membrane, and cell wall synthases that
build and remodel septal peptidoglycan [85-87].

Since its initial discovery, in vivo assays to study the Min system had been hindered
by a number of factors, such as the small size of bacteria, which makes imaging
by optical microscopy difficult below the diffraction limit, and the severe defects
upon MinCDE mutation that made it difficult to pinpoint the particular change to a
phenotype. A major breakthrough in the understanding of the Min self-organisation
mechanism arrived in 2008, where purified MinDE proteins were reconstituted in
vitro on planar lipid bilayers [88]. In the absence of additional cellular components,
Min proteins self-organised into striking travelling wave and spiral patterns, which
demonstrated that MinD, MinE, ATP and a lipid membrane are necessary and
sufficient for pattern formation.

A notable difference between in vitro and in vivo, however, is that the wavelength of
reconstituted Min waves are typically 30-100 pm, about 10 times larger than the length
of bacteria. Shorter wavelengths can be recapitulated by adding macromolecular
crowding agents in solution that slows down protein diffusion, which might better
mimic the dense intracellular organisation of the bacterial cytosol [46, 89, 90].

4.1.1 Min oscillation mechanism

MinD is an ATPase that dimerize upon ATP and binds to the membrane through
their amphiphilic membrane targeting sequence (MTS). MinD attachment is highly
cooperative [91], and so an initial accumulation on the membrane leads to a rapid
increase in MinD density. In the meantime, MinE has two conformations: active and
latent, and initially, MinE diffuses rapidly in solution in its latent state [82, 92]. As it
comes into contact with MinD, MinE switches into a reactive conformation, where
both their MTS as well as the MinD contact helix become fully exposed. MinE binding
then stimulates the ATPase activity of MinD, leading to ATP hydrolysis. At this
point MinD dissociates into monomers, which consequently weakens its membrane
attachment. Thus, MinD detaches from the membrane, and after a short residence
time, MinE also unbinds and diffuses back into the bulk. This delayed negative
feedback cycle of attachment and detachment of Min proteins from the membrane
results in oscillations that are observed in vivo and in vitro (Fig 4.1a).

The exact appearance of the self-organisation patterns are governed by a complex
interplay of reaction kinetics between the proteins and the membrane, as well as the
rates of diffusion between the membrane surface and the bulk volume. Parameters
such as absolute and relative protein concentrations [88], ionic strength [93], membrane
composition [93, 94], macromolecular crowding [46, 89, 90] as well as the presence
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of the MinE conformational switch [82, 92] play crucial roles in determining pattern
formation. The positioning of the His-tag during MinE protein conformation is
also important. Their C-terminal attachment resulted in their rate of MinD ATPase
stimulation becoming more similar to the WT protein, and this resulted in a display
of a wider range of Turing-like patterns [95].

412 Geometry sensing and Microfabrication

In addition to biochemical parameters that influence MinDE pattern formation,
geometrical parameters also play a crucial role in their self-organisation. Key
developments in the understanding of the Min system occurred from reconstituting
the proteins in microfabricated environments, where spatial parameters could be
systematically varied to investigate their influence.

The first in vitro demonstration that geometry plays a key role in its behaviour
was with the use of patterned supported lipid bilayers [46]. Differently sized
rectangular patches of membrane were deposited on a substrate, which was fabricated
by evaporating thin films of gold on a mask patterned by photolithography. In this
study, the MinDE travelling waves responded to the 2D boundaries by orientating
themselves according to the shapes: the waves aligned on the diagonal of the
rectangular shaped patches, consistently finding the long axis of these 2D geometries.
Even on membrane strips shaped like an L or a serpentine, the waves were shown to
be guided by the geometry. These experiments indicated that geometry sensing is an
inherent property of Min pattern formation.

In an effort to more closely mimick the in vivo geometry of E. coli cells, mi-
crostructured compartments were fabricated by PDMS soft lithography, which were
then coated with supported lipid membranes to imitate the membranous 3D vol-
ume inside a cell [96]. In these assays, the lithography-embossed structures were
submerged in a larger reaction well filled with the reaction buffer, and the buffer
was subsequently removed until the rim of the microwells, thus isolating each well
as a quasi-microcompartment. In these volumes, the MinDE system was shown
to perform pole- to-pole oscillations analogous to the in vivo observations, which
indicated that the rod-like geometry and confinement are essential in giving rise to
this characteristic behaviour. These compartments, however, were “open-top” and
struggled to prevent the evaporation of reaction volumes. Protein concentrations are
also likely to vary between chambers, due to the fact that Min bind to the membrane
and start forming patterns as soon as they are loaded in. As a result, the proteins
become inhomogeneously distributed by the time the buffer is finally lowered down
to the compartment rim. Other systems that were developed thereafter, such as flow
cells [97], and fully confined PDMS structures [90] also struggled to regulate the
distribution of proteins while loading the system.

Another interesting approach to use microfabrication to harness Min patterns was
explored in vivo, where cells were grown and molded into defined shapes created
by soft lithography [23]. By inhibiting both cell division and shape maintenance via
MreB by antagonistic drugs, cells grew in triangular, square or rectangular PDMS
chambers. Min oscillations then preferentially oriented along the symmetry axis.

Such microfabrication techniques using PDMS, however, face the benefits as
well as the drawbacks of using PDMS as a structural material. PDMS is a highly
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moldable material that can be used to pattern desired shapes with relative technical
ease [5]. For this reason, it has been used very widely in all areas of research including
applications in in vitro reconstitution of proteins (section 1.2). However, PDMS is
permeable to gases and faces persistent problems to prevent evaporation of water
in micro-confined volumes. This can be a particular concern for confined volumes,
where the compartments are not connected to a larger feeding channel where reaction
volumes can be continuously replenished. It also has unfavourable optical properties
which makes imaging through these materials difficult (section 1.2). Patterning bulky
volumes of PDMS can severely distort images due to the unmatched refractive index
with water. Therefore, there is a general need to develop alternative materials with
more favourable chemical and optical properties for applications in life sciences.

The Min system has also been reconstituted inside encapsulated, non-supported
3D geometries. In spherical water- in-oil droplets with a lipid monolayer, MinDE
exhibit distinct modes of oscillations: a pulsing mode, pole-to-pole oscillations and
circling waves [98, 99]. More recently, the Min system was successfully encapsulated
in GUVs [100]. The authors used a 3D printed rotating chamber to create centrifugal
forces necessary for double emulsion transfer of lipids [58]. They observed similar
oscillation modes that were seen in droplets, as well as dynamic shape transformations
in vesicles that result from the rapid binding and detachment of Min proteins
to the inner membrane of the vesicle. Deformation of these encapsulated Min
droplets and vesicles towards more cell-like non-spherical geometry is still a pending
experimental goal, although this has been demonstrated with other protein systems
using microfluidic tools [29, 30].

There is also a drive to explore the geometry sensitivity of the Min system on
much more complex 3D geometries. Recent theoretical analysis of the MinDE system
has reported that the pattern formation of MinDE heavily depends on the surface to
volume coupling, suggestive of even richer and partly unexplored MinDE pattern
formation [101, 102]. In addition, MinDE were shown to not only form traveling
waves, but they exhibits many more patterns such as quasi-stationary patterns [95]
that so far have only been observed in quasi-infinite plane and bulk volume assays. In
this thesis, we developed the toolbox necessary for this investigation using 2-photon
lithography and membrane patterning.
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Objective of This Thesis

Geometry plays a crucial role in many protein functions, and therefore, it is important
to establish methods that can construct relevant shapes for in vitro reconstitution
experiments.

As a target, I focused on the E. coli MinDE system, which is a paradigmatic
biological reaction-diffusion system known to respond to geometrical features. Their
self-organisation patterns are well studied but only on planar substrates and a
limited number of confined, compartmentalised volumes [82]. Yet, theoretical as
well as experimental evidence dictate that MinDE can potentially display a much
wider range of pattern formation depending on the surface to volume ratio of their
surrounding environment [95, 101, 102]. This called for a deeper exploration of their
pattern formation in more complex, 3D environments where geometrical features
could be systematically varied with a greater degree of freedom. To embark on
this investigation, a method to pattern membranous structures in 3D needed to be
developed.

To tackle this challenge, I posed the following questions:

1. To what extent can microfabrication be used for the recreation of membranous
in vitro environments with variable geometry? For this, I needed to elucidate
the lipid-substrate interactions that are required to pattern supported lipid
membranes on different substrates. Suitable materials, for example, that are
refractive index matched, as well as appropriate fabrication techniques needed
to be identified that would improve on our current methodologies.

2. Can free-standing membranes, such as vesicles, be reliably deformed into
shapes to study effects of geometry on protein function? Lipid mimics that
can form more stable vesicles were available [103], but I needed to reengineer
their biochemical properties and then to evaluate their functional analogy to
the lipid bilayer, so that they could be established as a model membrane system
for synthetic biology.

3. How far can emerging technologies, such as two-photon direct laser writing
(2PP-DLW), be applied in our investigation? The technology can also efficiently
template structures with high aspect ratios, and thus is an effective way to
fabricate structures that are relevant for many areas of biology. Protein-based
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hydrogels, for example, were established as stimuli-responsive microactuators
[72] that could be used to deform vesicles.

While these investigations were primarily aimed at the study of the Min system, my
goal for these methods extended to wider applications in synthetic biology. Membrane
sculpting in 3D could potentially be used together with any membrane interacting
or associated proteins for in vitro reconstitution experiments. The development of
3D printed, dynamic, shape-transforming structures also have implications beyond
membranous systems, where we can anticipate further advancements that recapitulate
more complex, biomimetic behaviours. Thus, the objective of this thesis was to
demonstrate methodological advancements that sets a technological benchmark for
bottom-up synthetic biology.
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From 2D to 3D: Patterning membranes to
study MinDE dynamics

In this chapter, I present a series of projects aimed at interrogating and controlling
the geometry sensitivity of the E. coli MinDE system.

Geometrical features are part of an important basis by which Min proteins self-
organise [23, 46, 101, 104]. Regulating shapes of membranes as well as the spatial
extent of the reaction volume influence key parameters that govern MinDE pattern
formation. In particular, they modulate the relative diffusion of Min molecules on the
surface and in the volume, as well as the catalytic membrane area per volume on which
Min proteins react. Different geometries have reportedly given rise to drastically
varied self-organisation behaviours, such as the directed motion of travelling waves
[46] and pole-to-pole oscillations [96]. Throughout this chapter, I used a range of
microfabrication techniques to pattern and shape membranes in different dimensions,
spanning from 2D patterning of membranes (section 5.1), compartments fabricated
by 2.5D or embossed fabrication methods (section 5.2) and lipid-coated, fully 3D
structures based on micron-scale 3D printing (section 5.3), and I examined how Min
patterns can be controlled and probed by using these advanced microfabrication
techniques. While these investigations primarily revolve around the study of the Min
system, the methods developed in this thesis have wider applications in synthetic
biology in general, where membrane interacting or associated proteins with geometry
sensitive properties are concerned. Reliably creating arbitrary-shaped membranous
environments is an ongoing challenge in synthetic biology, and here I present novel
methods in this direction.

The range of geometries that can be created also depends on the membrane
properties themselves. Thus, I turned to engineering membranes from synthetic lipid
mimics, which form vesicles with increased stability that have the potential to be
more robustly deformed in shape (section 5.4). I demonstrated that components of
the cell division machinery, including MinDE and FtsZ, interact and self-organise on
these synthetic molecules in a manner similar to on lipid membranes. They therefore
constitute a free-standing model membrane system alternative to liposomes, which
encapsulate and compartmentalise biochemical reaction volumes as a membranous
cellular mimic. With their increased resistance to rupture from external forces, they
promise future applications in studying membrane deformation that ultimately lead
to one of the ultimate goals of synthetic biology: artificial cell division.
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6.1 Directing diffusiophoretic transport of DNA nanostructures by the MinDE
system through the use of 2D patterned lipid membranes

MinDE waves transport membrane-bound molecules by non-specific interactions [82].
Even in the absence of specific mediator proteins MinC and FtsZ, lipid-anchored
streptavidin formed large-scale gradients according to the direction of MinDE travel-
ling waves, indicating net transport. Deeper insights into the physical mechanisms
behind this phenomenon, however, remained hindered by the lack of control over
the directionality of the net transport. In previous assays, where membrane areas
were unconstrained, MinDE waves originated from spiral centres that were spatially
randomly distributed, and therefore the positions of large-scale gradients formed
by cargo molecules were also unpredictable [82, 105]. In order to facilitate this
investigation, I patterned defined patches lipid membranes on which Min pattern
formation and cargo transport was restricted. Through reconstituting MinDE on
diffusion limited, rectangular patches of membranes, we were able to control the
directionality of MinDE waves, and thus direct the large-scale transport of membrane
bound synthetic cargo. Combined experimental and theoretical analysis lead to the
finding that MinDE transports molecules via diffusiophoresis, which is, as yet, a
mechanism that is unreported in cell biology, and this is described in the associated
publication P1.

The results of this section is from a collaboration with Beatrice Ramm (formerly of
Schwille lab), parts of which were published as associated publication P1. H.E. and
B.R. fabricated the chromium slides and performed initial membrane and MinDE
experiments. Additional acknowledgements go to Jakob Schweizer (formerly of
Schwille lab), who designed the initial chromium patterns, and Philipp Altpeter
(Chair of Solid State Physics (N.N.), Ludwig-Maximilians-Universitat Miinchen) for
help with setting up the chromium patterning.

6.1.1 Introduction

Intracellular transport of molecules is one of the most fundamental processes for
a living cell, and many of these mechanisms rely on coupling energy-dissipating
NTPases, such as motor proteins [106] and self-assembly of cytoskeletal elements
[107] to targeted cargo. This commonly occurs through specific protein-protein
interactions, and in contrast, non-specific coupling of biomolecules to transport is less
well understood in biology, and only a handful of studies have so far been reported
[108-110].

On this note, the E. coli Min system was recently shown in an in vitro study [82]
to transport membrane-bound molecules even in the absence of specific mediator
proteins MinC and FtsZ (Fig 4.1). In this study, lipid-anchored streptavidin formed
large-scale gradients according to the direction of MinDE travelling waves, and this
indicated net transport of these molecules through non-specific interaction. This
implied that MinDE oscillations have the capacity to further enhance cell division by
prepositioning membrane proteins to the cell middle. Such a discovery called for a
deeper interrogation of this mechanism extending to different types of cargoes, as
well as a more comprehensive understanding of the underlying physics. However, in
previous assays, membrane areas were unconstrained, and MinDE waves originated
from spiral centres that were spatially randomly distributed [82, 105]. Therefore, the
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positions of large-scale gradients formed by cargo molecules were also unpredictable.
This lack of control over the wave distribution means that the transport of cargo is
difficult to analyse, which has made quantitative assessments tricky.

To facilitate this investigation, we took advantage of the geometry sensitivity of
MinDE to direct the travelling waves using micro-patterned supported lipid bilayers.
Using a method developed by Groves et al. [16], we formed lipid membranes on
chromium-patterned glass coverslips. When we reconstituted MinDE on diffusion
limited, rectangular patches of membranes, MinDE waves travelled directionally
along the longest axis of a patterned bilayer, as previously reported [46]. Thus, we
could regulate the directionality as well as the total amount of transported cargo,
which allowed us to study their accumulation at the membrane boundaries.

Furthermore, we used DNA origami nanostructures as a synthetic cargo. Here, we
could tune the effective size of the cargo, thus modulating their membrane footprint
and diffusion coefficient on the membrane. We demonstrated that these parameters,
as well as the different types of MinDE patterns, are crucial in determining how the
cargoes are transported.

The advancement of these experimental tools aided our combined experimental
and theoretical investigation into the underlying mechanisms behind the non-specific
transport of MinDE. We showed that this is in fact a diffusiophoretic effect: an effective
density-dependent inter-particle friction creates cargo transport along the diffusive
fluxes of MinD proteins. We report this in the associated publication P1.

6.1.2 Methods
MICROFABRICATION OF CHROMIUM PATTERNED GLASS COVERSLIPS

Chromium patterns were formed as described in [16, 17]. The patterns were designed
on Autocad (Autodesk, USA). Glass coverslips (Menzel #1.5) were first cleaned by
rinsing with ethanol and water, and then plasma treated with oxygen (50% power, 0.3
mbar for 60 s) to activate the surface. The vapour of Bis(trimethylsilyl)amine (HDMS)
was deposited on the cover slide for 2 min as adhesion promoter. The photoresist
(AZ ECI 3027, MicroChemicals GmbH, Ulm, Germany) was then spin-coated onto
the cover slide for 40 s at 4000 rpm with an acceleration of 2000 rpm/s, to a layer
thickness of approximately 3 pm. After pre-baking the cover slides for 90 s at 90 °C, the
photoresist was patterned using UV-lithography (PG 101, Heidelberg Instruments,
Heidelberg, Germany) with a 10 mm write head, 35mW nominal output power at a
wavelength of 375 nm, before passing a 45% attenuation filter. Afterwards, the slides
were post baked for 60 s at 110 °C. The slides were then developed (AZ 351B, NaOH
based, diluted 1:4 (v/v), MicroChemicals GmbH) for 4 min, and rinsed with water
and dried with a nitrogen stream. Chromium was deposited onto these slides by
evaporation at 22-33 mA at a rate of 1-2 A /s to a final thickness of about 30 nm. After
chrome deposition the photoresist was lifted off in acetone with sonication for 5 min
in a sonicator bath. Afterwards slides were rinsed with isopropanol and dried with a
nitrogen stream.
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PREPARATION OF SUPPORTED LiPID BILAYERS

SLBs were prepared as described in [105]. All lipids, including 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol
(DOPG) were purchased from Avanti Polar Lipids (Alabaster, AL, USA), unless
otherwise stated. To prepare SUVs, lipids were first dissolved in chloroform, with
DOPC:DOPG:Atto655-DOPE (Atto-TEC GmbH, Siegen, Germany) in 7:3:0.005 molar
ratio. The chloroform was dried under a nitrogen stream, and vials were placed
in a desiccator to remove residual solvent for at least 2 h. Afterwards, lipids were
rehydrated in Buffer M (25 mM Tris-HCl, 150 mM KCl, 5 mM MgCl,, pH 7.5) to a
concentration of 4 mgml ™.

A chamber was constructed from a cut 0.5 ml eppendorf tube glued onto a the
chromium patterned glass slides (as in Fig 6.1b). These chambers were then plasma
treated with oxygen at 50 % power, flow rate 0.3 sccm for 40 s (model Zepto, Diener
Electronic). SUVs were added to the chamber, and after 3 min incubation at 37 °C on
a heating block, the supported bilayer membrane was gently washed with a total of 2
ml buffer S (25 mM Tris-HCl, 150 mM KCl, pH 7.5) to remove excess vesicles.

Microscory

Images were taken on a Zeiss LSM780 confocal laser scanning microscope using a
Zeiss C-Apochromat 40x/1.20 water-immersion objective (Carl Zeiss AG, Oberkochen,
Germany). EGFP-MinD was excited using the 488 nm Argon laser, and Atto655-DOPE
using the 633 nm He-Ne laser. Obtained images were processed using Fiji [111].

FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING

On supported bilayer membranes, a circular spot of 5 pm diameter was illuminated
with full laser power for 0.82 s (50 iterations on the Zen Black software (Carl Zeiss AG,
Oberkochen, Germany)), and the average fluorescence intensity was recorded every
second for 100 s. Measurements were taken at room temperature (23 °C). Intensity in
a second area of the same dimensions was recorded in the same field of view, in order
to correct for the intensity drift. The intensity trace was fit to the equation derived by
Soumpeasis [112].

21T
ZTD 2TD

f(t)= (IO((T) + Il((T))e_ t

Here, tp is the characteristic timescale for diffusion, and t is the time. f(t) is the
normalized fluorescence, and Iy and I; are modified Bessel functions. The diffusion
timescale for a bleached spot of radius ris 1p = 2 /4D with D the diffusion coefficient.
A custom script written in Python was used for curve fitting and data analysis.

MINDE SELF-ORGANISATION ASSAY

Self-organization assays were performed essentially as described in [105]. In short,
they were performed on preformed SLBs in 200 pL reaction buffer (25 mM Tris-HCl
pH 7.5, 150 mM KCI, 5 mM MgCl2) supplemented with 2.5 mM Mg-ATP (stock: 100
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mM ATP, in 100 mM MgC12, adjusted to pH 7.5) and at a constant room temperature
of 23 °C. MinD was used at 1 pM with 3.0 pM His-MinE to generate regular traveling
surface waves.

6.1.3 Results
MICROFABRICATION OF CHROMIUM PATTERNED GLASS COVERSLIPS

Lipid membranes can be patterned by depositing thin films of chromium in defined
areas, which partitions membranes into separate regions (schematic shown in Fig
6.1 a) [16]. This micropatterning process involves 3 main steps: 1) fabrication of a
patterned mask by photolithography; 2) deposition of a thin film of chromium; and 3)
lift off of the photomask to leave intact chromium patterns on glass (Fig 6.1).

In the photolithography step, I first deposited an adhesion promotor, HMDS
(Bis(trimethylsilyl)amine), on plasma treated glass, which is essential to ensure that
smaller features stay intact and do not lift off during development. I then spin coated
a thin layer (3 pm) of the photoresist. Here, I used a positive-tone resist, since the
area required for crosslinking (exposure) was smaller compared to the areas that are
left uncrosslinked, and therefore would require less time for exposure. I exposed
the resist to UV light using a laser writer and developed the sample to remove the
uncrosslinked regions of the photoresist. Here, the developer must be well rinsed off
to prevent delamination of the deposited metal in the subsequent steps. This process
leaves a “mask” for the subsequent metal deposition.

For the metal deposition step, there are 2 commonly used methods: evaporation
and sputtering. Evaporation involves heating the metal up to the vapour phase,
which then deposit on surfaces, whereas in sputtering, high energy ions are directed
onto a piece of metal, which then eject atoms from the metal surface and then coat
the glass. Typically, evaporation results in a more even coating, whereas sputtering
has the advantage that it is usually faster. To evaluate both methods, I deposited
30 nm of chromium onto the patterned glass coverslips. After deposition, there
were differences in the initial appearances between the two methods, as seen in the
brightfield images in Fig 6.1 c,d. With evaporation, the chromium deposited on top
of the photoresist showed thin cracks. With sputtering, no cracks were visible, and
the material visually looked darker. However, on regions directly on top of glass, the
chromium showed no cracks for either method. The difference was more notable
after lift off in acetone. On evaporated slides, the photoresist was cleanly dissolved
away, and the chromium barriers remained intact Fig 6.1 e. Whereas on sputtered
slides, the structures seem clean on the brightfield, but there were some “glitter” on
the slides that could be detected by eye. Longer sonication times or multiple cleaning
steps failed to remove this glitter. We therefore decided to proceed with evaporated
slides for the next steps.

FORMATION OF SUPPORTED LIPID BILAYERS ON PATTERNED COVERSLIPS

Once the glass coverslips were patterned with chromium, I constructed a chamber (as
shown in Fig 6.1 b) to form lipid bilayers, which were then used for subsequent in
vitro reconstitution assays. I first plasma treated the glass to expose hydroxyl groups
on the surface. Their negative charges can be bridged by divalent cations (Ca**/Mg?")
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Figure 6.1. Fabrication of patterned SLBs by chromium deposition. a) Schematic of
chromium patterned SLB. b) Example of a chromium patterned glass coverslip (left) with
the chamber assembled for subsequent in vitro reconstitution assays (right). Scale bar 10
mm. Brightfield images of patterned glass coverslips directly after chromium deposition
by c) evaporation and d) sputtering. Brightfield images after lift off for e) evaporation and
f) sputtering. Scale bar 10 pm. g) Timelapse images of FRAP experiments performed on
patterned SLBs (left) and intensity traces from the indicated regions of interest (right).
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to promote fusion of negatively charged vesicles (DOPC:DOPG 7:3 molar ratio). Upon
vesicle deposition, the vesicles fused with the surface and the lipids homogeneously
covered the glass surfaces.

To check for lipid mobility, I performed fluorescence recovery after photobleaching
(FRAP) on these membranes. When I bleached a small area of the membrane (Fig.6.1g,
top panel), fluorescence recovered with a diffusion coefficient of 0.8 + 0.3 ym?s™!,
which falls between typical values observed for supported lipid bilayers on glass [113,
114]. It also has a high mobile fraction (0.97 + 0.2), which suggests the presence of a
fluid bilayer. When I bleached an entire patch of membrane enclosed by chromium
barriers, the fluorescence did not recover (Fig.6.1g, bottom panel). This confirmed
that adjacent membrane patches are diffusively independent from each other, as the
chromium acts as a lipid diffusion barrier. Here, it is considered that lipid molecules
are present on top of chromium, but are adhered to the surface and are immobile [17].
Therefore, mobile lipids from adjacent patches are prevented from diffusing over the
chromium.

IN VITRO RECONSTITUTION OF MINDE ON PATTERNED MEMBRANES

Having confirmed the presence of fluid membranes on chromium patterned patches,
I then proceeded to reconstitute MinDE proteins in vitro. MinDE self-organised into
travelling waves with a period of ~1 min and wavelength ~50 pm, which is similar
to those on planar surfaces. They also formed travelling waves on arbitary shaped
membrane patches (Fig.6.2).

Figure 6.2. MinDE self-organisation on arbitary shaped membranes.

6.1.4 PusLication P1: A diffusiophoretic mechanism for ATP-driven transport
without motor proteins

In the associated publication P1, in order to investigate whether the non-specific
molecular transport by MinDE is modulated by cargo properties, we turned to DNA
origamis. By modulating the number of anchors to the membrane, their membrane
footprint and diffusion coefficient on the membrane can be tuned, and thus vary the
effective size of the cargo on the membrane.

When we reconstituted these DNA nanostructures together with MinDE, on the
chromium patterned membranes. We exploited the geometry-sensitivity of MinDE
waves that travel along the longest axis on geometrically patterned planar membranes.
On these membranes, MinDE waves indeed transported cargo directionally along
their wavevector, and cargo reproducibly accumulated at the membrane boundaries,
forming long-range gradients. Thus, MinDE-dependent transport of DNA origami
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species can be directed by exploiting the geometry sensitivity of MinDE pattern
formation.

Through our combined approach of experiments and theoretical analysis, we
showed that the non-specific transport of molecules by MinDE is in fact a diffusio-
phoretic effect: an effective density-dependent inter-particle friction creates cargo
transport along the diffusive fluxes of MinD proteins. This mechanism is, as yet,
unreported in cell biology and points towards a more general way in which molecules
are organised within living organisms.
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A diffusiophoretic mechanism for ATP-driven
transport without motor proteins

Beatrice Ramm®'4¢, Andriy Goychuk ®2¢, Alena Khmelinskaia®'®, Philipp Blumhardt',
Hiromune Eto®", Kristina A. Ganzinger ®3, Erwin Frey ©2% and Petra Schwille ®'

The healthy growth and maintenance of a biological system depends on the precise spatial organization of molecules within
the cell through the dissipation of energy. Reaction-diffusion mechanisms can facilitate this organization, as can directional
cargo transport orchestrated by motor proteins, by relying on specific protein interactions. However, transport of material
through the cell can also be achieved by active processes based on non-specific, purely physical mechanisms, a phenomenon
that remains poorly explored. Here, using a combined experimental and theoretical approach, we discover and describe a hid-
den function of the Escherichia coli MinDE protein system: in addition to forming dynamic patterns, this system accomplishes
the directional active transport of functionally unrelated cargo on membranes. Remarkably, this mechanism enables the sorting
of diffusive objects according to their effective size, as evidenced using modular DNA origami-streptavidin nanostructures. We
show that the diffusive fluxes of MinDE and non-specific cargo couple via density-dependent friction. This non-specific process
constitutes a diffusiophoretic mechanism, as yet unknown in a cell biology setting. This nonlinear coupling between diffusive

fluxes could represent a generic physical mechanism for establishing intracellular organization.

redistribution and transport of molecules via motor proteins’,

self-assembling cytoskeletal elements” or self-organizing reac-
tion-diffusion systems’. Coupling of cargo to energy-dissipating
NTPases that drive the transport is usually mediated by specific
protein-protein interactions. Non-specific coupling of biomol-
ecules, by contrast, is poorly explored in biology and, so far, only
a few examples of molecular transport based on purely physical
mechanisms have been reported. For example, a study in mouse
oocytes showed that actin-coated vesicles generated a pressure
gradient that positioned large objects like the nucleoid in the cell
centre®’. In the Caenorhabditis elegans zygote, cortical flows were
shown to couple to the PAR reaction-diffusion system via advective
transport®. Another recent example comes from in vitro studies of
the Escherichia coli Min system’*.

The Min system, a paradigmatic model for pattern forma-
tion in biology, regulates the site of cell division in E. coli*'%. The
core of this reaction-diffusion system consists of only two pro-
teins, the ATPase MinD and the ATPase activating protein MinE,
which interact and reversibly bind to the membrane'"". Despite
this simple reaction scheme, the Min system exhibits rich dynam-
ics that have been explored in vivo’'"", reconstituted in vitro'>'>'¢
and described by physical theories'”*'. In the rod-shaped E. coli,
MinDE oscillate from pole to pole'®'™, In vitro, MinDE proteins
form travelling surface waves or quasi-stationary patterns on planar
artificial membranes'>'>'* and exhibit oscillations when geometri-
cally confined”*. These dynamics can provide spatial cues for par-
ticular proteins. MinC specifically binds to MinD and thus follows
its movements'**>*-*, In turn, MinC constrains the localization of
the main divisome protein FtsZ by inhibiting its polymerization”*.

Besides this well-described patterning by specific interactions
with clear physiological evidence, MinDE self-organization has

S patiotemporal organization of cells generally emerges through

recently shown an intriguing hidden function in vitro: MinDE reg-
ulated the localization of unrelated membrane-bound molecules in
space and time in the absence of MinC/FtsZ’*. These results sug-
gested that MinDE oscillations could further enhance cell division
by prepositioning membrane proteins to the cell middle’. However,
the underlying physics and the broader biological implications have
remained unknown.

Here, through a joint experimental and theoretical investiga-
tion, we have deciphered the physical mechanism underlying this
non-specific transport phenomenon. We quantitatively probed
MinDE-dependent transport using a synthetic membrane-bound
cargo based on composite DNA nanostructures. We discerned how
the effective size (that is, membrane footprint) and diffusion coef-
ficient of the cargo, as well as the type of MinDE patterns, deter-
mine the transport that takes place. Exploiting these effects, we
revealed that MinDE can even spatially sort different cargo species.
Theoretical analysis of these data demonstrated a diffusiophoretic
effect: an effective density-dependent inter-particle friction creates
cargo transport along the diffusive fluxes of MinD proteins. This
type of NTPase-driven diffusiophoresis might represent a generic
active transport mechanism in cells that neither requires motor pro-
teins nor specific protein interactions. As such, it might be particu-
larly important for prokaryotes and could have been prevalent in
early stages of life on Earth.

Probing MinDE-induced transport with a synthetic cargo

We set out to understand how MinDE dynamics can spatiotem-
porally regulate other membrane-bound, yet unrelated molecules
(henceforth referred to as non-specific ‘cargo’) into patterns and
gradients™. Specifically, we asked whether cargo transport can arise
from MinDE patterns per se via thermodynamic forces, or whether
it requires active processes and non-equilibrium particle fluxes.
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To experimentally address this question and test possible mecha-
nisms, we set up a highly controllable minimal in vitro platform.
To this end, we reconstituted MinDE pattern formation on sup-
ported lipid bilayers (SLBs)". For simplicity, we first chose con-
ditions under which initially chaotic, laterally moving MinDE
waves transition into quasi-stationary labyrinth patterns’. To
quantitatively assess the interaction between MinDE and cargo
molecules on the membrane, we employed a synthetic cargo: a com-
posite object consisting of a DNA origami nanostructure as scaffold
and streptavidin molecules that serve as modular building blocks
and connectors to the membrane (Fig. 1a). In particular, the ori-
gami” featured 7 dyes on the upper facet for visualization and 42
sites at the bottom facet that could be specifically addressed for the
incorporation of biotinylated oligonucleotide handles. These han-
dles in turn bound to streptavidin coupled to biotinylated lipids in
the SLB.

When we initiated MinDE self-organization with ATP in the
presence of this synthetic cargo, the cargo components—that is,
the origami structures and streptavidin—reorganized into patterns
from an initially homogeneous state (Fig. 1b,c, Supplementary Fig.
1 and Supplementary Video 1). As expected, the origami and strep-
tavidin co-localized. Accordingly, in the following, origami fluores-
cence serves as a proxy for cargo localization. For the entire duration
of the experiment, cargo always gathered in MinD-depleted regions,
forming patterns that were anti-correlated to the MinDE patterns
(Fig. 1b,c). Similarly, when we altered the established MinDE/cargo
patterns by adding more MinE, the cargo channel reflected the
changes in MinDE patterns, moving in an anti-correlated fashion
(Supplementary Fig. 2 and Supplementary Video 2). By contrast,
when MinE (which stimulates MinD ATP hydrolysis) was omit-
ted, MinD and the cargo molecules remained uniformly distributed
(Extended Data Fig. 1). These findings indicate that the spatial het-
erogeneity of the cargo is not caused by depletion attraction, such
as in filament bundling®. For one, depletion attraction should lead
to aggregation of large particles (cargo), even in a homogeneous
field of smaller particles (MinD)*'. Furthermore, depletion attrac-
tion would imply a preferred agglomeration of cargo in regions of
high MinD density, which we also did not observe (Supplementary
Information). Hence, our data demonstrate that cargo transport is
active, because it requires the presence of MinDE and ATP, and thus
active MinDE self-organization.

Effective cargo size determines the extent of cargo
demixing

Having shown that MinDE redistribute our synthetic cargo, we
next exploited the modular nature of our cargo to systematically
vary its interaction with MinDE. MinD and lipid-anchored strepta-
vidin both form a monomolecular layer of height ~5nm on mem-
branes’*, whereas the lower facet of the origami scaffold lies at
~5-11nm above the membrane (Supplementary Note 1). MinDE
thus move on the membrane below the altitude of the origami

scaffold and should mainly interact with the membrane-bound
streptavidin. Hence, varying the number of streptavidin (n € {1, 2, 5,
15, 28, 42}) bound to the origami scaffold enables fine control over
a large dynamic range of the membrane footprint or effective size
of the cargo (henceforth cargo-n, Fig. 1). In this way, we modulated
the interaction of the cargo-n with MinDE, as well as its diffusion
on the membrane.

To quantitatively assess the interaction between MinDE and the
respective cargo, we analysed the resulting, final quasi-stationary
patterns (Fig. 1d and Extended Data Fig. 2). As a measure for
molecule enrichment, we determined the Michelson contrast,
(Lnax = Lyin)/ (Inax + L) Of the fluorescence images on a scale from
zero for a homogeneous distribution to one for a binary distribu-
tion. Cargo patterns became much sharper with increasing cargo
size (Fig. le and Extended Data Fig. 2). This increase in the contrast
of cargo patterns was accompanied by sharper and also narrower
MinDE patterns, as indicated by an increased region of pixels classi-
fied as MinD minima (Fig. 1f,g). Thus, MinDE dynamics dictate the
localization of cargo on the membrane in a size-dependent manner,
and are in turn also impacted by their presence. At first glance, these
results could be interpreted as simply being a consequence of steric
repulsion between cargo and MinDE. However, although a static
gradient of accessible space would indeed induce a gradient of cargo
molecules, this effect should be equal for all cargo species, irrespec-
tive of their effective size (Supplementary Information). Therefore,
even though the diffusion of MinD on the membrane under the
given conditions is very slow (D=0.013pm*s™")”, we conclude
that MinD proteins do not simply act as immobile obstacles on the
membrane that would bias cargo diffusion via static volume exclu-
sion, a second option for a thermodynamic force.

Thermodynamic forces cannot explain cargo transport by
MinDE

As our experimental data disqualified both depletion attraction and
static volume exclusion as possible explanations for cargo redistri-
bution, we wondered whether mobile MinD proteins could effec-
tively repel cargo in a size-dependent manner by imposing local
constraints on the entropy of mixing. To test this third (thermo-
dynamic) hypothesis, we formulated a fully quantitative Flory-
Huggins theory (FH) without fitting parameters. Specifically, each
origami scaffold crosslinks # streptavidin into a passive polymer-like
cargo (Fig. 2a), while the remaining free streptavidin (for n<15;
Extended Data Fig. 2) behave independently (Supplementary
Information). Given these constraints, we characterized the mem-
brane in terms of local surface densities of ¢, cargo, ¢, free streptavi-
din and ¢, MinD (Supplementary Table 1), assuming a well-mixed
lattice gas on the microscopic scale. On the mesoscopic scale, we
then asked ‘what is the equilibrium distribution of passive particles
(cargo and free streptavidin) in the presence of a heterogeneous
distribution of active MinD proteins?” To answer this question,
we used our FH model to calculate the corresponding chemical

Fig. 1| MinDE-driven cargo demixing depends on the effective size (membrane footprint) of the cargo. a, Schematic of the synthetic
membrane-anchored cargo consisting of a DNA origami scaffold (20-helix bundle; 110 X 16 x 8 nm) and streptavidin building blocks. The DNA origami
nanostructure illustrates the position of 7 dyes at the upper facet and 42 addressable sites for incorporation of biotinylated oligonucleotides at the lower
facet. Biotinylated oligonucleotides bind to lipid-anchored streptavidin on the SLB. MinDE self-organize by concerted attachment and detachment to and
from the membrane powered by ATP hydrolysis into ADP and P, (inorganic phosphate). The self-organization assay is performed in an open chamber.
b,c, Representative time series (b) and kymograph (along the line selection in b) (¢) of MinDE self-organization inducing patterns of cargo-2 (1pM MinD
(30% EGFP-MinD), 1.5 pM MinE-His, 0.1nM origami-Cy5 with two biotinylated oligonucleotides, Alexa568-streptavidin). d, Representative images and
fluorescence intensity line plots (smoothed) of established MinDE labyrinth patterns and anti-correlated DNA origami and streptavidin patterns when no
origami, cargo-2, cargo-15 or cargo-42 is present. The contrast of the resulting patterns and size of the MinD minima increase with increasing number of
incorporated streptavidin per cargo. e-g, Box plots of the contrast of cargo (e), MinD patterns (f) and the fraction of pixels classified as MinD minima (g)
when no origami, cargo-1, cargo-2, ..., or cargo-42 is present. Lines in box plots are medians, box limits are quartiles 1and 3, whiskers are 1.5x interquartile
range (IQR) and points are outliers. Data are from at least two independent experiments with total numbers of analysed images per condition N(No
origami) =32, N(Cargo-1) =96, N(Cargo-2) =41, N(Cargo-5) =32, N(Cargo-15) =94, N(Cargo-28) =32, N(Cargo-42) = 87. Scale bars, 50 um (b,c,d).
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potentials y; for each species (Supplementary Information). (Vu,=Vu,=0) in an adiabatic response to the imposed steady-state
Furthermore, we assumed that the passive particles adopt a ther-  distribution of active particles (Vu,#0). Our theoretical analy-
mal equilibrium state with vanishing chemical potential gradients  sis shows that entropic mixing effects can, in principle, create a
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Fig. 2 | MinDE-dependent cargo transport is explained by mesoscopic friction between particle fluxes, not by mixing or volume exclusion. a, Schematic
of the phenomenological MS-type model. MinD protein density gradients are determined by a closed cycle of reactive fluxes (MinD membrane
attachment/detachment, dashed green arrows) and diffusive fluxes (green arrows). Mediated by hydrodynamic or direct interactions, the diffusive MinD
membrane fluxes exert a frictional force ., (black arrow) on the cargo molecules. Then, cargo density gradients are determined by a balance between
these frictional forces and thermodynamic forces (entropic repulsion and mixing). b, Cross-correlation between MinD coverage (6,=a,c,) and DNA
origami coverage (6,=a,c,), for two different cargo species, cargo-2 and cargo-42. Respective membrane footprints: MinD dimer a,=25nm? DNA
origami a,=1,760 nm?~ 70a,. The colour-coded two-dimensional histogram represents the experimental data of selected days (Exp.), where the raw
images were smoothed by a one-pixel-wide Gaussian kernel. Solid and dashed lines correspond to two candidate models. The FH-type model (dashed
lines), whose parameters are fully determined by our experiments, fails to account for cargo transport: weak entropic sorting of streptavidin in an external
gradient of MinD is not sufficient to overcome the strong repulsion of the bulky DNA origami scaffolds. Instead, we find that the MS model (solid lines),
with an estimated interaction parameter, explains cargo transport. The MS model allows stronger reorganization of cargo than the FH model, because, in
addition to thermodynamic forces, cargo transport is further driven by frictional coupling to MinD protein fluxes. ¢, Spatial distribution of cargo molecules

in response to the (imposed) MinD profile, corresponding to the cross-correlation functions in b. Model parameters: (cargo-2) average coverages
% = 0.0825, 0s = 0.149 and 6, = 0.55; interaction parameter in terms of MinD coverage ‘9;W = a,;%;W = 220; (cargo-42) average coverages
6, = 0.0825, 65 = O and 6, = 0.28; interaction parameter ' = a; ¢}, = 620.

gradient of passive cargo in response to a gradient of active MinD,
where the cargoes’ crosslinked streptavidin experience a weak
entropic bias towards MinD-depleted regions (due to volume exclu-
sion effects). However, this effect will be partly compensated by
the analogous entropic repulsion between origami scaffolds, which
prevents high cargo densities, in stark contrast to our experimental
observations (Fig. 2b,c and Extended Data Fig. 3). Consequently, we
also rejected entropic mixing in fixed external (chemical potential)
gradients as the mechanism underlying MinDE-dependent cargo
transport.

Coupling between particle fluxes explains cargo transport

Taken together, thermodynamic mechanisms alone cannot explain
MinDE-induced cargo transport in our experiments, suggesting that
the underlying mechanism is genuinely non-equilibrium in nature.
Therefore, we generalized our equilibrium FH model to consider
the non-equilibrium dynamics of particles. Specifically, MinDE
gradients build up due to particle exchange between the bulk solu-
tion and membrane (reactive fluxes)'®'*'***, leading to chemical
potential gradients Vy; on the membrane (thermodynamic forces).
According to Onsager’s theory”, thermodynamic forces imply par-
ticle fluxes j,. Conceptually, diffusive fluxes on the membrane then
arise from an effective force balance of thermodynamic and friction
forces between the different macromolecules and lipids (with fric-
tion coefficients ;). Furthermore, in a crowded environment such
as the membrane surface in our experiments (mean free path of
~50 A; Supplementary Information), hydrodynamic or also direct
interactions between particles can mediate a ‘mesoscopic friction’

that couples their respective fluxes (with coupling constants ).
Using these arguments, we formulated a phenomenological theory
where each membrane-bound species obeys a Maxwell-Stefan
(MS)-like effective force-balance equation*:

Vu &+ Tealy (L - L) =o. M

As before, the index i€ {p, g, s} refers to MinD proteins, cargo
with bound streptavidin and free streptavidin, respectively.
Although our theory is intrinsically dynamic (Methods), we first
analysed the non-equilibrium steady state, d,c,=0, reflecting the
quasi-stationary MinDE patterns. Then, cargo and streptavidin
exhibit Brownian motion and relax to a thermal equilibrium state
with vanishing fluxes j,=j;=0. The MinD protein patterns main-
tain a non-equilibrium steady state and finite protein fluxes j,#0
via off-equilibrium chemical reactions (ATPase activity). In the
absence of mutual friction between the macromolecules (£, =0),
equation (1) reduces to the FH model (Vu,=Vu,=0), which read-
ily implies weak cargo redistribution in a static gradient of active
proteins. As a decisive factor in addition to these entropic demixing
effects, the presence of frictional coupling ({;#0) between cargo
and MinD leads to advective cargo transport by the non-equilibrium
protein fluxes (j,#0) of MinD (Fig. 2a). The additional bias con-
ferred by these protein fluxes leads to cargo redistribution, which
is much stronger than by equilibrium thermodynamic forces alone
and thus quantitatively explains our experimental data (Fig. 2b,c
and Extended Data Fig. 3).
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Fig. 3 | Reduced model predicts that large MinD densities slow

down cargo diffusion. a, Cross-correlation between MinD coverage

(6,=a,c,) and DNA origami coverage (6,=a,c,) for cargo-2 and cargo-

42. Respective membrane footprints: MinD dimer a,=25nm?, DNA

origami a,=1,760 nm?. The colour-coded two-dimensional histogram

represents experimental data for selected days (Exp.), identical to

Fig. 2b, while the solid line (Fit) is a fit curve of our reduced model.

b, Interaction parameter in terms of MinD coverage, 9;1 = ap—1c;1’

obtained by the fitting procedure in a. The interaction linearly increases

when more streptavidin is incorporated per cargo, starting from the

base interaction of the origami scaffold. The dashed line indicates a

linear fit of the interaction parameter 6;1 = (Cpo + Nlps)/(ap&y) as

a function of n. In contrast to our initial estimate (Fig. 2c), entropic

repulsion between cargo molecules was neglected for simplicity,

thus probably underestimating the interaction parameter. ¢, Cargo

molecule diffusion coefficient in the absence or presence of TuM MinD

(1pM MinD (30% EGFP-MinD), 0.1-1pM origami-Cy3b with 2 or 42

biotinylated oligonucleotides, non-labelled streptavidin, SLB: DOPC/

DOPG/biotinyl-CAP-PE 70/30/0.01mol%), measured via single-particle

tracking and predicted with the fitted interaction parameters from b.

Cargo-42 typically diffuses slower than cargo-2 (indicated by a smaller

diffusion coefficient D, at O uM MinD). Increasing MinD density has a

much stronger effect on cargo-2 than on cargo-42, both in theory and

experiment. Points are mean values of individual measurements (M), line

and error bars represent the mean value and standard deviation. Data

were obtained from the number of sample chambers S(Cargo-2)=7,

S(Cargo-42) =5, S(Cargo-2, MinD) =4, S(Cargo-42, MinD) = 3; number of

measurements M(Cargo-2) =18, M(Cargo-42) =13, M(Cargo-2,MinD) =19,

M(Cargo-42, MinD) =10; number of analysed single-particle tracks

N(Cargo-2)=15,755, N(Cargo-42) =19,481, N(Cargo-2, MinD) =7,924,

N(Cargo-42, MinD) = 4,542; average track length TL(Cargo-2) =339,

TL(Cargo-42) =546, TL(Cargo-2, MinD) =772, TL(Cargo-42, MinD) = 647;

fraction of mobile DNA origami MF(Cargo-2) =0.81, MF(Cargo-42)=0.67,

MF(Cargo-2, MinD) =0.70, MF(Cargo-42, MinD) =0.63.

MinDE impair cargo diffusion via mesoscopic friction

Next, we simplified our theoretical model by neglecting mem-
brane saturation effects (Supplementary Information), reducing the
chemical potential of particles with size a; to p;~k;T In(a,;). The
force-balance equation, equation (1), then becomes a generalized
FicK’s law:
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where the density-dependent diffusion coefficient of MinD,
Dy(cpc,), decreases through friction (that is, interactions) with cargo
and streptavidin. For cargo with strong coupling {,,, maintaining
the diffusive fluxes that balance reactive protein turnover requires
sharper protein gradients, which explains the progressively sharper
and narrower MinDE patterns (Fig. 1f,g).

Assuming that the typically small number of free streptavidin
(Supplementary Information) does not notably contribute to the
dynamics, ¢ £, < ¢,{,,» One obtains a closed expression for the cargo
distribution:

cg (cp) = cx Wo [% exp (LS);CP)] > (3)

with typical interaction density c¢,=¢&,/{,,. Fitting equation (3) to
our experimental data (Fig. 3a,b and Extended Data Fig. 3), we dem-
onstrate that the coupling constant ¢, between MinD and cargo-n
has a contribution from the origami scaffold and from the » incor-
porated streptavidin, {, =, + 1, explaining why cargo transport
increases with the number of streptavidin per cargo (Fig. 1d-g).

To test our theoretical model experimentally, we performed
single-particle tracking of cargo-2 and cargo-42, both in the pres-
ence and absence of MinD. In the former case, we emulated high
MinD membrane densities in the maxima of MinDE patterns by
adding 1 pM MinD and ATP, but no MinE. We found that the dif-
fusion coefficient of cargo-2 decreased from 0.65+0.12pm?s™" in
the absence of MinD to 0.06+0.02pm?s™! at high MinD density
(Fig. 3¢). By contrast, the diffusion coefficient of cargo-42, which
was already low in the absence of MinD (0.06+0.02pum?s™),
hardly changed at high MinD density (0.036+0.011 pm?s~') (Fig.
3c). Subsequently, we used our fitted interaction parameters to
predict the diffusion coefficient of cargo at high protein densi-
ties, based on the experimental values in the absence of proteins
(Supplementary Information). Our predictions were in good quan-
titative agreement with our experimental findings, validating our
model. At first, it might seem counterintuitive that MinD affects
cargo-42 diffusion less than that of cargo-2, despite stronger fric-
tional coupling. However, even in the absence of MinD, cargo-42
diffuses much slower than cargo-2 due to the friction between its
many streptavidin and the membrane, which dominates over the
additional friction with MinD. This observation highlighted the
parameter interdependence that arises due to streptavidin serving
both as building block and connector to the membrane and raised
the question whether cargo transport is affected more by its effec-
tive size or its diffusion coefficient. To answer this, we employed
an alternative membrane attachment strategy for the DNA origami
scaffolds via cholesteryl moieties (Extended Data Figs. 4 and 5 and
Supplementary Note 2). We found that cargoes with a larger mem-
brane footprint (that is, effective size) and at the same time similar
diffusion as cargo-2 were strongly redistributed (Extended Data Fig.
5 and Supplementary Note 2), corroborating that it is indeed the
effective cargo size that determines the interaction with MinD. In
conclusion, the dependence of the cargo diffusion coefficient on the
ambient protein density is a direct experimental proof of friction
between MinD and cargo and that the effective cargo size governs
the corresponding friction coefficient.

MinDE spatially sort different cargo species

Can we use our obtained knowledge to selectively position cargo
molecules, that is, to sort them according to their properties, along
protein gradients? To answer this question, we placed two differ-
ently labelled cargo species, cargo-2 and cargo-42, in the same assay
(Fig. 4a). We found, as predicted by our model (Fig. 4d), that cargo-
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streptavidin a,=25nm?, DNA origami a,=1,760 nm?~ 70a,.

42 gathered in MinD-free regions and was framed by cargo-2
(Fig. 4b,c, Supplementary Fig. 3 and Supplementary Video 3). Thus,
cargo-42 exhibited a similar behaviour as when present in the assay
alone. By contrast, thelocalization of cargo-2relativetoMinD changed
when cargo-42 was also present (Figs. 1d and 4c). The observed spa-
tial separation of cargo species was not an artefact due to fluores-
cent channel crosstalk, dye selection or quenching (Extended Data
Fig. 6). Hence, the clear MinDE-induced spatial sorting of cargo
species according to their effective size further refutes thermody-
namic models (Fig. 4d), corroborating that MinDE indeed trans-
port molecules via friction.

MinDE waves direct net cargo transport via
diffusiophoresis

Having confirmed diffusiophoretic transport in the context of
quasi-stationary MinDE patterns, we turned to conditions where
MinDE form travelling surface waves™. As in previous experi-
ments with lipid-anchored streptavidin alone”, MinDE waves
induced anti-correlated patterns of our synthetic cargo-2 that were
superimposed with macroscopic gradients across multiple MinDE
wavelengths, indicating net transport (Fig. 5a). Consequently,
cargo accumulated between opposing wavefronts (Fig. 5a and
Supplementary Video 4). Despite their distinct appearance, station-
ary as well as moving MinDE patterns are maintained by the same
kind of non-equilibrium reaction and diffusion fluxes'®'®!*12,
Thus, we could directly apply our theory to this dynamic set-
ting, without further assumptions (Methods). We found that, in
addition to the interaction between MinDE and cargo, macro-
scopic transport also requires matching timescales between MinDE

= 220 and cargo-42 9;142

= 620. Respective membrane footprints: MinD dimer a,=25 nm?,

wave propagation and cargo diffusion: cargo with small mobil-
ity cannot keep up with the MinDE wave. In agreement with our
simulations (Fig. 5b), the slowly diffusing cargo-42 hardly formed
long-ranged gradients (Fig. 5c and Supplementary Fig. 4), despite
its strong frictional coupling to MinDE, supporting our prediction
that low cargo mobility can limit macroscopic transport. This was
further corroborated by the emergence of macroscopic gradients
for cholesterol-anchored cargo-chol-2 and cargo-chol-15 (Fig. 5¢
and Supplementary Fig. 4), which display similarly high coupling
to MinDE, but diffuse faster than cargo-42 (Extended Data Fig. 5).

Next, we exploited the geometry-sensitivity of MinDE waves
that travel along the longest axis on geometrically patterned pla-
nar membranes with chromium barriers”. On these membranes,
MinDE waves indeed transported cargo directionally along their
wavevector, resulting in reproducible gradients (Fig. 5d,e, Extended
Data Fig. 7 and Supplementary Videos 5 and 6). These density gra-
dients are clearly visible on the macroscopic scale, while directed
movement of single cargo molecules cannot be discerned from
diffusion (Extended Data Fig. 8 and Supplementary Note 3). This
observation highlights the difference between ATP-driven diffusio-
phoresis and translational motor proteins.

Our findings raised the question of whether MinDE-dependent
transport via diffusiophoresis could occur in vivo. To our knowl-
edge, no direct observation of this mechanism in E. coli has been
reported, which may be attributed to bacterial sizes close to the
optical resolution limit or specific interactions concealing such
occurrence. Thus, we reconstituted MinDE oscillations together
with inert model peripheral membrane proteins (mCh-MTS)” in
the evolutionary distant fission yeast Schizosaccharomyces pombe*
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intensity profiles of cargo along the wavevector in d. The bold coloured line represents the mean profile, generated from N=56 membrane patches from
three independent experiments. f, MinDE dynamics spatiotemporally regulates the model peripheral membrane proteins mCh-MTS(2xMinD) when
reconstituted in the fission yeast S. pombe. Decreased fluorescence in the mCherry channel is highlighted by white asterisks. Arrows indicate wave

direction. Scale bars, 50 um (a,c), 25 um (d) and 5um (f).

(Fig. 5f, Extended Data Figs. 9 and 10 and Supplementary Videos 7
and 8). We found that in this in vivo model system MinDE formed
dynamic patterns with similar wavelength and velocity as in its
native host E. coli'"'* (Supplementary Note 4) and, indeed, spatio-
temporally regulated mCh-MTS proteins on intracellular mem-
branes (Extended Data Fig. 10).

Diffusiophoresis drives molecular transport in biology

In conclusion, combining in vitro and in vivo reconstitution experi-
ments with theoretical modelling and analysis, we showed that the
prokaryotic MinDE proteins can non-specifically transport and
even sort membrane-bound cargo molecules by a diffusiophoretic
effect: the diffusive fluxes of MinD and cargo couple via friction in a
mechanical rather than thermodynamic fashion (Fig. 6). This pro-
cess is driven by ATP-consuming MinDE self-organization, which

NATURE PHYSICS | www.nature.com/naturephysics

generates a net diffusive flux of MinD towards low densities. This
flux establishes an effective frictional force on cargo, driving dif-
fusiophoretic cargo transport towards areas of low MinD density.
Hence, the friction between cargo and MinD increases with the
effective size of the cargo (for example, with the number of strepta-
vidin building blocks). The bare diffusion coefficient of cargo only
becomes relevant in the case of dynamic MinDE waves where cargo
diffusion has to ‘keep up’ with the MinDE waves to induce macro-
scopic gradients.

Similar transport effects have been reported previously in a
non-biological context: diffusiophoresis generally refers to particle
transport in fluids, induced by concentration gradients of small
solutes”~*. Interestingly, diffusiophoresis was also treated in terms
of particle fluxes®, suggesting that a flux-centred viewpoint may
be appropriate for multicomponent mixtures out of equilibrium.
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Fig. 6 | Diffusiophoresis explains cargo transport by protein
self-organization. Thermodynamic forces, such as depletion attraction,
static volume exclusion or entropic mixing effects, cannot explain
MinDE-dependent cargo transport in our experiments. However, it

can be explained by diffusiophoresis: active protein self-organization
generates gradients and hence net diffusive fluxes. As the proteins interact
non-specifically with the cargo, the diffusive fluxes establish an effective
frictional force, driving the accumulation of cargo in areas of low protein
density.

A phenomenologically similar effect has been demonstrated in
gases with the MS theory of diffusion’>*****!. In a biologically rel-
evant context, theoretical studies have suggested that diffusiopho-
resis might occur in enzyme chemotaxis® and alignment™, during
ParABS-mediated chromosome segregation in bacteria® and that
metabolism-dependent gradients of small molecules (for example,
ATP) could induce transport of large particles™. The here described
diffusiophoresis driven by protein patterns that are maintained by
NTPase cycles might constitute a novel mechanism of coupling
energy dissipation to active spatiotemporal positioning in cell biol-
ogy. Diffusiophoretic transport is presumably not a special feature
of the E. coli MinDE system or reaction-diffusion systems in gen-
eral, but can potentially be exerted by any active system producing
concentration gradients. For example, such a mechanism could be
underlying the secretion-induced protein patterning that has been
observed in fission yeast™ or be at play for the plethora of intracel-
lular (actin) waves in eukaryotes whose purpose and mode of action
has remained elusive”. The mechanism might not even be limited
to the membrane as a reaction surface, but potentially extends to
other cellular surfaces and even cytosolic gradients. For example,
the strong concentration gradients that are built up during liquid—-
liquid phase-separation processes could potentially similarly impact
other molecules™. We also propose that distinct pattern-forming
systems sharing the same reaction space should align to minimize
friction, even if their constituents are chemically independent. This
could potentially link and synchronize pathways to increase their
efficacy or provide a rescue mechanism against mutations affect-
ing the chemical coupling via specific interactions (for example,
between MinC and FtsZ). That this non-specific means of transport
was discovered and described in an in vitro reconstitution assay is

not a coincidence, but highlights that the complexity of cells with
more sophisticated and stronger specific interactions presumably
masks such occurrence. Finally, simple as it is in comparison to
eukaryotic, translational motor proteins, this mechanism could be
interpreted as an alternative, more rudimentary mode of mechano-
chemical coupling and as such might be prevalent in prokaryotes
and might have been present in early forms of life.
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Methods

Theoretical description in the presence of travelling waves. We have formulated
our theory, equation (1), in terms of particle fluxes. Given these fluxes j, the
spatiotemporal dynamics of each molecular species is determined by the balance
equation

0ci + V- ji=ri(...), (4)

where r, signify reaction terms. We considered two species, passive cargo molecules
¢, that do not engage in reactions, 7,=0, and active MinD proteins c,. Instead

of considering specific reaction terms, we assumed that the interplay between
diffusive and reactive fluxes of MinDE leads to travelling waves. Then, we took
these travelling MinD protein waves with wavelength 4 and speed v:

— vt
gt =c¢ (an 7 v ) =¢(2) (5)
as a given. As specific waveform, we assumed a skewed sinusoidal curve (Fig. 5b):
2 ycosz
¢ (2) = —arctan | ———— |, (6)
ny 1—ysinz

where the parameter y € [—1...1] determines the ‘skewness’ of the waveform. In
principle, we could also choose a different waveform (for example, a sinusoidal
curve that is skewed in the opposite direction). Choosing a different waveform does
not change the general result of a macroscopic net transport along the wavevector,
but it can change the magnitude of the transport because the local gradient
magnitude is affected.

Furthermore, for simplicity, we neglected membrane saturation effects
(Supplementary Information), so that the chemical potential of a particle with size
a; reduces to y;~ k; T In(a,c,). This is the same assumption as in the derivation of the
fitting function for the stationary patterns, equation (3), and hence has the same
limitations at high particle densities. Taken together, the spatiotemporal dynamics
of the passive cargo species is determined by the following transport equation:

deg= -V g =V [Dg(1+ug/cx)ng+(Lg/:X)ch] ) @

TFeg/c x T (Da/Dy) (/e )

where the interaction density is given by ¢, =¢&,/{,, and the two diffusion
coefficients are given by D, =k, T/, and D, =k,T/&,. We used FEniCS™ to
numerically solve equation (7) in a one-dimensional geometry with no-flux
boundary conditions for the cargo.

Plasmids, strains and proteins. A list of all plasmids and primers is provided

in Supplementary Tables 2 and 3. The plasmids pET28a-His-MinD_MinE",
pET28a-His-EGFP-MinD®’, pET28a-His-MinE'"’ and pET28a-MinE-His'® were
used for purification of His-MinD, His-EGFP-MinD, His-MinE and MinE-His,
respectively, as described in detail previously®'. In brief, proteins were expressed

in E. coli BL21 (DE3) and then purified via Ni-NTA affinity and size-exclusion
chromatography in storage buffer (50 mM HEPES/KOH pH 7.2, 150 mM KCl, 10%
glycerol, 0.1 mM EDTA, 0.4 mM tris(2-carboxyethyl)phosphine (TCEP)). Proteins
were snap-frozen in liquid nitrogen and stored in small aliquots until further use
at —80°C.

Plasmids for heterologous co-expression of MinD, MinE and model peripheral
membrane proteins pREP41X-sfGFP-MinD, pREP42X-MinE, pREP41X_coex_
sfGFP-MinD_MinE, pREP42X-mCherry-BsMTS, pREP42X-mCherry and
pREP42X-mCherry-BsMTS were constructed analogously to plasmids devised
by Terbush and colleagues™. pREP41X and pREP42X; and the leucine and uracil
auxotroph S. pombe strain FY61 [h- ura4-D18 leul-32], were a kind gift from S.
Forsburg, University of Southern California®. All constructs based on pREP41X
and pREP42X express the respective proteins under the control of the inducible
nmtl* promoter. For details see Supplementary Methods.

Reconstitution in S. pombe. Details of S. pombe culture and transformation are
provided in the Supplementary Methods. For image acquisition, 5-ml cultures with
selective medium were inoculated with the respective strains from glycerol stocks
or plates and grown for 48-72h at 30 °C. Cover slides were rinsed with ethanol and
ddH,0, and further cleaned in a plasma cleaner with oxygen as the process gas.
Subsequently, Grace Bio-LABs reusable culture well gaskets (diameter of 9 mm,
GBL103240, Sigma-Aldrich) or sticky slides (#81818, ibidi) were attached to the
clean cover slides. Poly-L-lysine solution (0.01%, P4707, Sigma-Aldrich) was added
to the wells and incubated for more than 30 min. Wells were washed with the
respective media once before 10-50 pl of cell suspension was added for microscopy
at a constant room temperature of 23 °C.

DNA origami nanostructures. The elongated DNA origami nanostructure
used here was previously designed and described in ref. **. The 20-helix
bundle with hexagonal lattice is based on the M13mp18 7,429-nucleotide-long
scaffold plasmid (p7429; Bayou Biolabs) and was modified using CaDNAno*.
Staple oligonucleotides, 5'-Cy3B/Cy5-functionalized oligonucleotides, the

5’-cholesteryl-TEG functionalized oligonucleotides (high-purity, salt-free,
Eurofins MWG Operon) and 5’-biotin-TEG functionalized oligonucleotides
(Sigma-Aldrich) were purchased or diluted in Milli-Q ultrapure water at a
concentration of 100 uM. Origami structures with 1-15 anchors were based on
the previous design®, which was further modified for functionalization with

42 anchors (Supplementary Fig. 5). The assembly of the origami structure was
performed in a one-pot reaction mix as described previously”. In brief, the
components were mixed at a final concentration of 20 nM p7429 scaffold plasmid
and 200 nM staple oligonucleotides in folding buffer (5mM Tris-HCI, 1 mM
EDTA, 20 mM MgCl,, pH 8.0) and annealed in a thermocycler (Mastercycler) over
a 41-h cooling scheme from 65 to 40 °C. Folded nanostructures were purified to
remove excess staple strands by centrifugation (14,000, three cycles for 3 min,
one cycle for 5min) in Amicon Ultra 100 kDa molecular weight cutoff filters
(Merck Millipore) using reaction buffer (25 mM Tris-HCI pH 7.5, 150 mM KCl,
5mM MgCl,). The concentration of folded Cy5-labelled origami structures was
estimated by fluorescence intensity measurements using a one-drop measurement
unit of a Jasco FP-8500 spectrofluorometer and subsequent comparison with an
intensity calibration curve obtained for free Cy5 dye corrected for the multiple
labelling of the origami. Cy3B-labelled DNA origami concentration was measured
by absorption at 260 nm on a NanoDrop spectrophotometer (ThermoFisher
Scientific) and related to Cy5-labelled structures of known concentrations.
Cy3B/Cy5-labelled DNA origami structures contained seven Cy3B/Cy5-labelled
oligonucleotides attached to extended staples on the upper facet. At the lower
facet, the biotin-functionalized origami contained multiple 18-nucleotide (nt)
extensions that were hybridized with complementary 5’ biotin-TEG-functionalized
oligonucleotides (5’ biotin-TEG-AACCAGACCACCCATAGC) at defined
positions. DNA origami that were bound to the membrane via cholesteryl
oligonucleotides contained single or multiple 18-nt extensions on the lower facet
that can hybridize with the complementary 5’ TEG-cholesteryl-functionalized
oligonucleotides (5’ chol-TEG-AACCAGACCACCCATAGC) supplied in the
self-organization assay.

Preparation of SLBs. SLBs were prepared as described in detail in refs. '**. In
brief, cover slides were rinsed with ddH,0 and ethanol, and a plastic chamber

was glued on top. Slides were further cleaned by plasma cleaning with oxygen as
the process gas (model Zepto, Diener Electronic). Chloroform-dissolved lipids
(Avanti Polar Lipids) were dried by a nitrogen stream and subsequently in a
desiccator before slow rehydration at a concentration of 4mgml~' in reaction
buffer (25mM Tris-HCI pH7.5, 150 mM KCl, 5mM MgCl,). Small unilamellar
vesicles were generated by sonication in a bath sonicator and subsequently added
to the cleaned reaction chambers at a concentration of 0.5 mgml~. After 4min

of incubation on a 37 °C warm heating block, the SLB was washed 10 times with

a total of 2ml of wash buffer (25 mM Tris-HCI pH 7.5, 150 mM KCl) to remove
excess vesicles. All mentioned concentrations refer to the final volume of the
reaction chamber of 200 pl. To prepare chambers for self-organization experiments
with biotin-functionalized origami, the SLB was generated with a lipid composition
of 69/30/1 mol% DOPC/DOPG/biotinyl-CAP-PE or with 70/30/0.01 mol%
DOPC/DOPG/biotinyl-CAP-PE for single-particle tracking experiments and
subsequently incubated with non-labelled or Alexa568-labelled streptavidin
(ThermoFisher Scientific) at a final concentration of 1 ugml~'. After incubation
for 5-10 min, unbound streptavidin was removed by washing five times with a
total volume of 1 ml of reaction buffer. The buffer was adjusted to a volume of

100 pl and the origami was incubated at a final concentration of 0.1 nM for 10 min,
before the buffer was adjusted to the final volume of 200 pl. To prepare chambers
for self-organization experiments with cholesteryl-bound origami, the SLB was
generated with a lipid composition of 70/30 mol% DOPC/DOPG. The buffer

was adjusted to a volume of 100 ul and the 5" TEG-cholesteryl-functionalized
oligonucleotides for binding were added at a final concentration of 10 nM.
Subsequently, the origami was added at a final concentration of 0.1nM and
incubated for 10 min, before buffer adjustment to 200 ul. For experiments involving
more than one type of DNA origami, DNA origami species were premixed in
DNA LoBind tubes (Eppendorf) before addition to the sample chamber at a

final concentration of 50 pM for each DNA origami, keeping the overall DNA
origami concentration at 0.1 nM. Note that at these experimental conditions, DNA
origami does not bind non-specifically to the lipid membrane in the absence of
biotin-TEG-anchors/streptavidin or cholesteryl-TEG-anchors, due to the high net
negative charge of both the SLB and DNA origami®*®.

Chromium-patterned cover slides. Chromium-patterned cover slides for
patterned SLBs**” were generated by photolithography and metal evaporation.
Cover slides were first cleaned by rinsing with pure ethanol and ddH,0 and
subsequently by plasma cleaning with oxygen as the process gas (model Zepto,
20-605s, 40-50% power and 0.3 mbar). The vapour of bis(trimethylsilyl)amine
(HDMS) was deposited on the cover slide for 2min as adhesion promoter.
Subsequently, positive photoresist (AZ ECI 3027, MicroChemicals) was
spin-coated onto the cover slide (405, 4,000 r.p.m., start/stop acceleration
2,000r.p.m.s™") resulting in an ~3-pm-thick layer of photoresist. After pre-baking
(905, 90°C) the photoresist was patterned using ultraviolet lithography (uPG101,
Heidelberg Instruments) with a 10-mm write head, nominal output power
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of 35mW at a wavelength of 375 nm, before passing a 45% attenuation filter.
Afterwards, the slides were post baked (605, 110 °C) before applying developer
(AZ 351B, NaOH-based, diluted 1:4 (vol/vol), MicroChemicals) for 4 min. Finally,
slides were rinsed with ddH,O and dried with a nitrogen stream. Chromium was
deposited onto these slides by evaporation at 22-33mA atarate of ~1 As™ to a
final thickness of ~30 nm. After chromium deposition, the photoresist was lifted
off in acetone with sonication for 5min in a sonicator bath. Afterwards, slides were
rinsed with isopropanol and dried with a nitrogen stream. SLBs were formed on
the chromium-patterned slides as described above.

Self-organization assay. Self-organization assays were performed essentially as
described in detail in ref. °. In short, they were performed on preformed SLBs
in 200 pl of reaction buffer (25 mM Tris-HCI pH 7.5, 150 mM KCl, 5mM MgCl,)
supplemented with 2.5 mM Mg-ATP (stock: 100 mM ATP, in 100mM MgCl,,
adjusted to pH7.5) and at a constant room temperature of 23 °C. MinD was
typically used at 1 pM (0.3 uM EGFP-MinD, 0.7 uM MinD) with either 1.5pM
MinE-His' to generate quasi-stationary labyrinth patterns or 5 pM His-MinE""*
to generate regular travelling surface waves. Time series showing the initial
development of patterns were acquired by starting the self-organization with
Mg-ATP directly before image acquisition. Tile scans used for quantification of
quasi-stationary patterns or gradients induced by regular travelling waves on
unconstrained and patterned SLBs were acquired 30-60 min after the start of
self-organization, in areas of the chamber that had not been imaged previously.

Single-particle tracking. Single-particle tracking of DNA origami was conducted

at a concentration of DNA origami and anchors that can be described as diluted,

so that interaction between individual DNA origami was minimized*". DNA

origami was diluted in DNA LoBind tubes (Eppendorf) and added to a chamber

at a final concentration of 0.1-1pM (biotin-functionalized origami, SLB with
70/30/0.01 mol% DOPC/DOPG/biotinyl-CAP-PE; cholesteryl functionalized
origami, SLB with 70/30 mol% DOPC/DOPG, 0.1nM 5’ TEG-cholesteryl-
functionalized oligonucleotides). Owing to the superior brightness and
photostability, single-particle tracking was exclusively performed using Cy3B-
labelled DNA origami. To further reduce photobleaching and blinking as well

as photopolymerization of MinD, single-particle tracking was performed in the
presence of an oxygen scavenger system (3.7 Uml™! pyranose oxidase, 90 Uml~!
catalase, 0.8% glucose)” and trolox. Experiments were performed in the absence of
any protein or in the presence of 1uM MinD (30% EGFP-MinD) and 2.5mM ATP to
emulate conditions in the MinD maxima in a simplified fashion. For single-particle
tracking of cargo in the presence of MinDE travelling waves, 1 uM MinD (30%
EGFP-MinD) and 5uM His-MinE were used and tracking was performed more than
30 min after starting the reaction with 2.5mM ATP to obtain regular waves.

Microscopy. All images, except for single-particle tracking, were taken on a

Zeiss LSM780 confocal laser scanning microscope using a Zeiss C-Apochromat
X40/1.20 water-immersion objective, X20 air objective for chromium-patterned
SLBs or x60/1.4 differential interference contrast (DIC) oil-immersion objective

for S. pombe cells (all Carl Zeiss). Longer time series were acquired using the
built-in autofocus system. All two- or three-colour images were acquired with
alternating illumination for the 488/633 nm and 561 nm laser lines to avoid
crosstalk. EGFP-MinD or sfGFP-MinD was excited using a 488 nm argon laser;
Cy3B-labelled origami, Alexa568-streptavidin or mCherry in S. pombe were excited
using a 561 nm diode-pumped solid-state (DPSS) laser and Cy5-labelled origami
using a 633 nm He-Ne laser. Images were typically recorded with a pinhole size of
2.6-4 Airy units for the EGFP and origami channels, 1 Airy unit for the streptavidin
channel, 512 % 512-pixel resolution and a pixel dwell time of 1.27 ps. Time series
were typically acquired with ~14-s intervals for unconstrained SLBs or 4-s intervals
for chromium-patterned SLBs and S. pombe cells. For single-particle tracking of
DNA, origami images were acquired on a custom-built total internal reflection
fluorescence microscope (TIRFM)™ using a NIKON SR Apo TIRF x100/1.49
oil-immersion objective, constructed around a Nikon Ti-S microscope body (both
Nikon). Two laser lines (490 nm (Cobolt Calypso, 50 mW nominal) and 561 nm
(Cobolt Jive, 50 mW nominal), Cobolt AB)) were controlled in power and timing
(AOTE Gooch & Housego TF-525-250) and spatially filtered (kineFLEX-P-3-S-
405.640-0.7-FCS-PO0, Qioptiq). The beam was further collimated, expanded (10x)
and focused on the objective’s back aperture by standard achromatic doublet lenses.
The TIRF angle was controlled by precise parallel offset of the excitation beam
(Q545, PI). The emission light was notch-filtered to remove residual excitation light,
spectrally separated by a dichroic beamsplitter (T555lpxr-UF1, Chroma Technology
Cooperation), bandpass-filtered 525/50 and 593/46 (both Chroma), respectively,
and repositioned on two halves of the electron-multiplying charge-coupled device
(EMCCD) camera (Andor iXon Ultra 897, Andor Technologies). Images were
recorded with Andor Solis software (version 4.28, Andor Technologies).

Image analysis. All images were processed using Fiji (version v1.52p), MATLAB
(R2018a, The Math-Works) or Python (Python Software Foundation). Brightness
or contrast adjustments of all displayed images were applied homogeneously.

For line plots, the images were smoothed with a Gaussian filter with pixel width
of 2 in Fiji.
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For the cross-correlation plots, the images were smoothed with a Gaussian
kernel of pixel width 1. The theoretical models were formulated as boundary-value
problems and solved in a one-dimensional geometry using a finite-difference
scheme using SciPy’'. Curve fitting was performed with Imfit™.

Single-particle tracking analysis. Analysis of single-particle tracking was
conducted as described previously using previously established code™. In brief, a
custom-written MATLAB code was used to detect DNA origami fluorescence in
each frame and extract its position. Origami trajectories on the membrane were
analysed using jump-distance analysis™". The distances between particle locations
between subsequent frames were analysed and diffusion coefficients of particle
ensembles were obtained by fitting the cumulative histograms. As, usually, some
of the origami in the field of view were immobile and did not diffuse, cumulative
histograms of obtained jump distances were fitted with two components, where
for the second component the upper boundary was set to 0.1 pum?*s~, and usually
resulted in diffusion coefficients of less than 0.01 pm?s~'.

Analysis of MinDE-dependent transport. Analysis of fluorescence intensities and
contrast was essentially performed as described earlier’. In brief, tile scans were
imported into Fiji, where the EGFP-MinD channel was used for segmentation

to generate a binary mask of the patterns. The original non-modified images
from the two or three spectral channels were analysed based on the binary mask
using a custom-written MATLAB code. The average fluorescence intensity in
the Alexa568-streptavidin or origami-Cy5 and EGFP-MinD spectral channel
was obtained by pooling the means of individual images from one independent
experiment. All means from one independent experiment and condition were
pooled together. All fluorescence intensity values from one experimental set
were normalized to the fluorescence intensity values obtained for the respective
origami with one anchor. The Michelson contrast of the resulting cargo patterns
was calculated for every individual image as the difference between the average
intensity in the MinD minima and MinD maxima divided by the sum of the
average intensities in the MinD maxima and minima. The contrast of the MinD
patterns was calculated for every individual image as the difference between the
average intensity in the MinD maxima and MinD minima divided by the sum of
the average intensities in the MinDE minima and maxima.

Analysis of fluorescence profiles on chromium-patterned SLBs. Time-series from
chromium-patterned SLB patches with regular travelling MinDE waves that aligned
along the longest axis of the patch were selected and averaged in Fiji. The resulting
average intensity of the cargo was plotted along the wavevector of the MinDE waves
(that is, the longest axis of the patch) and exported as csv files. Subsequently, using
MATLAB, the fluorescence intensity profiles were aligned at the beginning based on
the increase of the signal, and the average profile was generated.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability

The raw images that support the findings of this study are available at Edmond with
the identifier https://dx.doi.org/10.17617/3.5n or from the corresponding authors
upon request. Source data are provided with this paper.

Code availability
The code for the analysis is available at Edmond with the identifier https://dx.doi.
org/10.17617/3.5n or from the corresponding authors upon request.
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Extended Data Fig. 1| Pattern formation of cargo depends on active self-organization by MinDE. a, Representative time series of MinD membrane
binding on SLBs in the presence of cargo-2 and ATP, but in the absence of MinE (1pM MinD (30% EGFP-MinD), 0.1nM origami-Cy5 with 2 biotinylated
oligonucleotides, Alexa568-streptavidin, ATP). Scale bars, 50 pm. b, Kymographs of the line selection indicated in a.
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Extended Data Fig. 2 | Extent of the MinDE-driven cargo demixing depends on the effective size (that is, membrane footprint) of the cargo. a,
Representative images and fluorescence intensity line plots (smoothed) of established MinDE labyrinth patterns and anti-correlated DNA origami and
streptavidin patterns when no origami or cargo-1, cargo-2, ..., cargo-42 is present (1pM MinD (30% EGFP-MinD), 1.5 pM MinE-His, with or without 0.1nM
origami-Cy5 with n biotinylated oligonucleotides, Alexa568-streptavidin). Panels “no origami, cargo-2, cargo-15 and cargo-42" are identical to Fig. 1d.
Scale bars, 50 pm. b, Contrast of the resulting streptavidin patterns increases with increasing number of streptavidin incorporated into the cargo. Box plot
lines are median, box limits are quartiles 1and 3, whiskers are 1.5x interquartile range (IQR) and points are outliers. Mean fluorescence intensity of ¢, DNA
origami, d, EGFP-MinD and e, Alexa568-streptavidin of patterns formed when no origami or cargo-1, cargo-2, ..., cargo-42 is present; data is taken from
the full image and normalised to the intensity of experiments containing cargo-1. Cross and error bars represent the mean value and standard deviation

of two or more independent experiments with total number of analysed images per condition N(No origami)=32, N(Cargo-1)=96, N(Cargo-2)=41,
N(Cargo-5)=32, N(Cargo-15)=94, N(Cargo-28)=32, N(Cargo-42)=87.
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Extended Data Fig. 3 | Comparison between theory and experiment for different cargo molecules. a, Cross-correlation function between MinD coverage
(6,) and DNA origami coverage (6,), for different cargo species. The color-coded 2D-histogram represents our experimental data of selected days (Exp),
where the images were smoothed by a one-pixel-wide gaussian kernel. Solid and dashed lines correspond to two candidate models. The Flory-Huggins
type model (FH), whose parameters are fully determined by our experiments, fails to account for cargo transport: the weak entropic sorting of streptavidin
in an external gradient of proteins is not sufficient to overcome the strong repulsion of the bulky DNA origami scaffolds. Instead, we find that the
phenomenological MS-type model, with an estimated interaction parameter, explains cargo transport. Model parameters: (cargo-n) average coverages

@ = 0.0825, 0, = max(0.165 — 0.55n/70, 0) and 0, = min(11.55/n, 0.55); interaction parameter (in terms of MinD coverage) 0;1 =200 + 10n.
Surface coverages @ = ac and surface densities c are related via the particle size a. b, The color-coded 2D-Histogram represents our experimental data of
selected days (Exp), while the solid line (Fit) is a fit curve of our reduced model (Supplementary Information section I.5 “Analytic solution and fitting of
reduced model").
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of DNA oligonucleotides at the indicated positions with the complementary TEG-cholesteryl oligonucleotides in the lipid membrane. b, Representative
images and fluorescence intensity line plots (smoothed) of established MinDE labyrinth patterns and anti-correlated DNA origami patterns when 10, 25
or 100 pM of cargo-chol2 or cargo-chol-15 are present (1uM MinD (30% EGFP-MinD), 1.5 pM MinE-His with 10, 25 or 100 pM origami-Cy3b with 2 or 15
hybridizing oligonucleotides, 10 nM TEG-cholesteryl oligonucleotide). Scale bars, 50 um.
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Extended Data Fig. 5 | MinDE-driven cargo demixing indeed depends on the effective size (membrane footprint) of the cargo and not on the diffusion
coefficient. a, Cargo molecule diffusion coefficient in absence or presence of 1TuM MinD (with or without TuM MinD (30% EGFP-MinD), 0.1-1 pM
origami-Cy3b with 2 or 15 hybridizing oligonucleotides, 0.1nM TEG-cholesteryl oligonucleotide), as obtained from single particle tracking and predicted
with the fitted interaction parameters obtained in h. Points are mean values of individual measurements (M), line and error bars represent the mean
value and standard deviation. Left part identical to Fig. 3c. Data obtained from number of sample chambers S(Cargo-chol-2)=7, S(Cargo-chol-15)=5,
S(Cargo-chol-2, MinD)=3, S(Cargo-chol-15, MinD)=2; number of measurements M(Cargo-chol-2)=16, M(Cargo-chol-15)=12, M(Cargo-chol-2,
MinD)=14, M(Cargo-chol-15, MinD)=6; number of analysed single particle tracks N(Cargo-chol-2)=19,647, N(Cargo-chol-15)=23,365, N(Cargo-chol-2,
MinD)=1,879, N(Cargo-chol-15, MinD)=8,338; average track-length TL(Cargo-chol-2)=303, TL(Cargo-chol-15)=353, TL(Cargo-chol-2, MinD)=964,
TL(Cargo-chol-15, MinD)=749; fraction of mobile DNA origami MF(Cargo-chol-2)=0.85, MF(Cargo-chol-15)=0.87, MF(Cargo-chol-2, MinD)=0.73,
MF(Cargo-chol-15, MinD)=0.67. Box plot of the contrast of b, cargo, €, MinD patterns, and d, of the fraction of pixels classified as MinD minima, when
10, 25 or 100 pM of cargo-chol2 or cargo-chol-15 are present (1pM MinD (30% EGFP-MinD), 1.5 uM MinE-His with 10, 25 or 100 pM origami-Cy3b
with 2 or 15 hybridizing oligonucleotides, 10 nM TEG-cholesteryl oligonucleotide). Box plot lines are median, box limits are quartiles 1and 3, whiskers are
1.5x interquartile range (IQR) and points are outliers. Mean fluorescence intensity of €, DNA origami and f, EGFP-MinD of the full image, normalised to
the intensity of experiments with 100 pM cargo-chol-15. Cross and error bars represent the mean value and standard deviation. g, Increased membrane
density leads to an apparent increase in contrast. Data from three independent experiments with total number of analysed images per condition
N(Cargo-chol-2, 10 pM)=48, N(Cargo-chol-2, 25 pM)=48, N(Cargo-chol-2, 100 pM)=64, N(Cargo-chol-15, 10 pM)=45, N(Cargo-chol-15, 25 pM)=48,
N(Cargo-chol-15, 100 pM)=41. Lines represent median and quartiles 1and 3 of cargo-2 and cargo-42 contrast for comparison. h, Interaction parameter
(in terms of MinD coverage; surface coverages 6 = ac and surface densities c are related via the particle size a) as obtained from our fitting procedure.
The interaction for cargo-chol-2 and cargo-chol-15 is larger than for cargo with streptavidin building blocks. Left part is identical to Fig. 3b. The dashed
line indicates a linear fit of the interaction parameter 6;‘ as a function of n. i, Representative images of individual and overlaid channels, and line plot

of indicated selection of MinDE-induced sorting of cargo-chol-2 and cargo-chol-15 (1uM MinD (30% EGFP-MinD), 1.5 pM MinE-His with 50 pM
origami-Cy3b with 2 and 50 pM origami-Cy5 with 15 hybridizing oligonucleotides, 10 nM TEG-cholesteryl oligonucleotide). Scale bars, 50 pm.
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Extended Data Fig. 6 | The spatial sorting of cargo by MinDE according to the effective cargo size is not an artefact. a-c, Spatial sorting of cargo-2 and
cargo-42 by MinDE also occurs when dyes are swapped. a, Schematic of the experimental setup. MinDE self-organization was performed in presence

of two different cargo species with distinct fluorescent labels, cargo-2 with Cy5 and cargo-42 with Cy3B. b, Representative images and ¢, line plots

of MinDE-induced sorting of cargo-2 and cargo-42 (1pM MinD, 1.5 uM MinE-His, 50 pM origami-Cy5 with 2 biotinylated oligonucleotides, 50 pM
origami-Cy3B with 42 biotinylated oligonucleotides, non-labelled streptavidin). Experiment was performed three times under identical conditions. d-i,
MinDE-induced distributions of differentially labelled, but otherwise identical cargo are superimposable. d, and g, Schematic of the experimental setup:
two identical cargoes are labelled with distinct dyes. Pattern formation is induced by addition of MinDE (1M MinD, 1.5 pM MinE-His, 50 pM origami-Cy5
and 50 pM origami-Cy3B with either both 2 or both 42 biotinylated oligonucleotides, non-labelled streptavidin). Representative images and line plot of
pattern formation in presence of e, f, two differently labelled cargo-2 and h, i, two differently labelled cargo-42. Experiments were performed two times
under identical conditions. Scale bars, 50 pm.
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Extended Data Fig. 7 | Directed cargo transport by MinDE on chromium patterned bilayers. a,b,c, Representative time series and d,e,f, corresponding
kymograph of MinDE traveling surface waves establishing cargo-chol-2 gradients from an initially homogeneous distribution on chromium patterned SLBs
(1uM MinD, 5puM His-MinE, 0.1nM origami-Cy3b with 2 hybridizing oligonucleotides, 10 nM TEG-cholesteryl oligonucleotide). g,k,m, Representative
time-series and average of MinDE traveling surface waves and cargo-chol-2 gradient along the wave vector after regular waves have formed (>30 minutes
of incubation), along the longest axis on chromium-patterned bilayers for three geometries and h,l,n, the respective normalised average fluorescence
intensity profiles of cargo along the wave vector in g k,m. Bold, colored line represents the mean profile, generated from N=44, N=27 and N=13
membrane patches, respectively. i, Wave velocity and j, wavelength of MinDE waves on chromium patterned bilayers in presence of cargo-chol-2 or
cargo-chol-15 with N =52 analysed membrane patches. Arrows indicate wave direction. Scale bars, 25 um.
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Extended Data Fig. 8 | No directed cargo movement can be observed on the single particle level. Representative kymographs of MinD waves and a,
single cargo-2 and b, single cargo-chol-2 molecules in presence of regular directional MinDE travelling waves (1uM MinD (30% EGFP-MinD), 5uM
His-MinE, 0.1-1 pM origami-Cy3b with 2 hybridizing oligonucleotides and 0.1nM TEG-cholesteryl oligonucleotide or with 2 biotinylated oligonucleotides,
non-labelled streptavidin, SLB: DOPC/DOPG/Biotinyl-CAP-PE 70/30/0.01mol%.).
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Extended Data Fig. 9 | MinDE self-organize in the fission yeast S. pombe at a similar spatiotemporal scale as in E. coli. a, Schematic of the plasmid
employed for co-expression of sfGFP-MinD and MinE. b-d, Representative time-series and kymograph of S. pombe cells harbouring the co-expression
plasmid for sfGFP-MinD and MinE, displaying MinD dynamics: b, travelling waves, ¢, pole-to-pole like oscillations and d, more complex dynamics. Analysis
of e, the wavelength and f, wave velocity obtained from manually fitting the kymographs of cells displaying MinDE travelling waves. Lines represent the
median and standard deviation. Data from three experiments with in total analysed cells e, N=37 and f, N=52. White boundaries represent cell outline
obtained from average fluorescence images. g, No MinD dynamics can be observed when sfGFP-MinD is expressed in S. pombe in the absence of MinE.
Scale bars, 2pm.
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Extended Data Fig. 10 | MinDE spatiotemporally regulate model peripheral membrane proteins when reconstituted in S. pombe. a, Schematic of the
plasmid used for expression of mCherry versions in S. pombe. Representative time-lapse and kymographs (over the entire cell length) of S. pombe cells
expressing b, soluble mCherry, mCh which remains cytoplasmic, or a model peripheral membrane protein €, mCh-MTS(BsD) and d, mCh-MTS(2xMinD)
which bind to membranes. Representative time-lapse and kymographs of S. pombe cells heterologously expressing stGFP-MinD, MinE and e, mCh or f,
mCh-MTS(BsD) or g, mCh-MTS(2xMinD). MinDE self-organization spatiotemporally regulates the model peripheral membrane proteins mCh-MTS(BsD)
and mCh-MTS(2xMinD) highlighted by white arrows, but not mCh. Panel g is identical to Fig. 5f. White boundaries represent cell outline obtained from
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average fluorescence images. Scale bars, 5pm.
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6.2 PusLicatioN P2: Design of Sealable Custom-Shaped Cell Mimicried Based on
Self-Assembled Monolayers on CYTOP Polymer

Having patterned membranes into planar, yet constrained geometries, in this section
I present the fabrication of compartmentalised membranous structures that mimic
cellular geometries. This is outlined in the associated publication P2.

With lipid membranes playing an important role in many cellular functions, an
ongoing challenge in synthetic biology is to reliably recreate cell-sized membranous
compartments that can harbour biochemical reactions in their interior [116]. Systems
such as water-in-oil droplets and liposomes have been widely employed, since they
mimic cells in their size, their overall shape as well as in their basic biochemical
functionality by providing a fluid, lipid mono- or bilayer interface [39]. However,
deforming them from their spherical, equilibrium shape is a technological challenge,
due to either their high surface tension in the case of droplets, or instability to external
forces for liposomes [29]. They are therefore limited in their applications where
aspherical, or even complex, geometry is required.

In this regard, microfabricating solid materials into cellular mimics, and coating
the surfaces of such structures with supported lipid membranes, is an attractive
method to study how proteins function according to the shape of their environment.
A notable example of this is the PDMS microcompartment in the shape of “bathtubs”,
which was used to recapitulate the pole-to-pole oscillations of MinDE in vitro [96].
However, the use of PDMS as a structural material can be problematic, especially
since the refractive index is not matched to that of water that cause distortions during
imaging. Moreover, these compartments are not fully sealed and the reaction volume
evaporates away, which prevents long timelapse imaging [96].

In this work, we turned to CYTOP, a fluorinated polymer that is non-cytotoxic,
chemically inert, and is, crucially, refractive index matched to water, thus significantly
improving imaging quality. Here, previously employed techniques to pattern CYTOP
involved reactive ion etching, which required expensive equipment and specialised
cleanroom facilities. Instead, I demonstrated that CYTOP can patterned by negative
molding, which require only a lithography-patterned template and can be handled in
a standard laboratory setting.

By forming lipid monolayers on the surfaces of these patterned CYTOP structures,
and then subsequently sealing each of the compartments in a flow cell, I created an
alternative compartmentalised model membrane platform, on which parallelized
assays can be run on custom-shaped geometries. Asa demonstration of their versatility,
GFP was expressed in these compartments by cell-free protein synthesis. Pole-to-pole
oscillations of MinDE were also recapitulated in these fully-closed compartments,
which validates the use of these microcompartments as a suitable cell mimic for in
vitro reconstitution experiments.

This work is in line with ongoing efforts in the field to find alternative materi-
als, with physicochemical properties that are more suitable for specific biological
applications. The robust patterning methods ensure that compartments can be
custom-shaped, which opens up future applications to study membrane associating
or interactive proteins in encapsulated geometries.
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ABSTRACT: In bottom-up synthetic biology, one of the major methodological

—Mineral Oil + Lipid

Lipid monol
challenges is to provide reaction spaces that mimic biological systems with regard H’Epﬁﬁzf’;ﬁ%ﬁ'
to topology and surface functionality. Of particular interest are cell- or organelle- Buffer

—Cytop

shaped membrane compartments, as many protein functions unfold at lipid
interfaces. However, shaping artificial cell systems using materials with non-
intrusive physicochemical properties, while maintaining flexible lipid interfaces

relevant to the reconstituted protein systems, is not straightforward. Herein, we

Sum

develop micropatterned chambers from CYTOP, a less commonly used polymer

with good chemical resistance and a refractive index matching that of water. By forming a self-assembled lipid monolayer on the
polymer surface, we dramatically increased the biocompatibility of CYTOP-fabricated systems. The phospholipid interface
provides an excellent passivation layer to prevent protein adhesion to the hydrophobic surface, and we succeeded in cell-free
protein synthesis inside the chambers. Importantly, the chambers could be sealed after loading by a lipid monolayer, providing a
novel platform to study encapsulated systems. We successfully reconstituted pole-to-pole oscillations of the Escherichia coli
MinDE system, which responds dramatically to compartment geometry. Furthermore, we present a simplified fabrication of our
artificial cell compartments via replica molding, making it a readily accessible technique for standard cleanroom facilities.

KEYWORDS: micropatterning, bottom-up biology, lab-on-a-chip, synthetic biology, self-assembled monolayers, lipids, polymer,

CYTOP

B INTRODUCTION

Functional encapsulation of biochemical reactions inside
artificial biomimetic compartments is one of the most
fundamental challenges in bottom-up synthetic biology.
Many cellular reactions depend dramatically on volume size
and topology as well as surface properties of the reaction
spaces they are enclosed to. Often, binding to and from
membranes, membrane insertion, or membrane transformation
is part of their cellular functionality. Mimicking membrane-
enclosed compartments of a particular shape and at the same
time retaining structural flexibility are a daunting task that has
so far not been conclusively solved. On the one hand, there is a
strong motivation to maintain the classical advantages of in
vitro techniques, such as high throughput, controllability, and
accessibility of experiments. Examples of preferred compart-
ments include water-in-oil droplets and liposomes, which can
be produced in large numbers and feature cell-sized volumes
with phospholipid mono- or bilayer interfaces. Through their
mimicry of the cellular phospholipid interface, these compart-
ments can support not only cytosolic reactions, but also those
that involve membranes."”” On the other hand, deforming
them to any other shape than their equilibrium spherical
geometry remains a challenge,>* and thus, there is an ongoing

v ACS Publications © 2019 American Chemical Society

quest to develop new platforms that support the custom design
of reaction spaces other than spheres.”® In this regard, the
most prominent developments have been through micro-
fabrication and photolithography techniques to pattern
materials into any custom shape, including cell mimicries.*”*
However, their effectiveness in biological studies depends
greatly on the biocompatibility of the materials used to
fabricate such structures. Cytotoxicity, poor compatibility with
reagents, and a large refractive index mismatch with water
(rendering their analysis by common microscopy techniques
problematic) are notorious problems faced with commonly
used materials. At the same time, standardized production
routines and reasonable costs should support the development
into a robust, widely accessible platform. In the past years, one
of the most widely used polymers for the design of biomimetic
reaction spaces has been PDMS (polydimethylsiloxane).”
Prepolymer of PDMS is commercially available, inexpensive,
and easy to prepare. It is also biocompatible and unreactive.
Membrane-coated PDMS chambers have been successfully
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employed to mimic the elongated shape of bacteria for the
reconstitution of oscillatory dynamics, resulting from the self-
organization of geometry-sensitive MinCDE proteins involved
in bacterial cell division.'” However, constructing fully
membrane-enclosed reaction volumes based on PDMS
support’ is tedious and bears the risk of artifact generation
under non-ideal optical conditions.

In this study, we turn our attention to CYTOP, an
amorphous perfluorinated polymer, whose unique physico-
chemical properties make it a material for a wide range of
applications. In particular, with its low autofluorescence and
refractive index (n = 1.34)"" similar to that of water (n = 1.33),
CYTOP can be readily used in combination with optical
microscopy.'” It has high chemical resistance and therefore a
high compatibility with many reagents, including organic
solvents and oils that could otherwise dissolve or swell
conventionally used microfabrication materials, such as
PDMS." As a hydrophobic material, it has a notably low
surface energy (19 mN m™!),"" which makes it a useful coating
material as a release layer in microfluidic applications.'”'*

Compartmentalized structures fabricated with CYTOP have
been used for biological applications in the past. Particularly
noteworthy are the attoliter-sized arrayed lipid bilayer chamber
systems (ALBiC),16 developed by Noji et al,, that are powerful
tools to study functions of water-soluble enzymes or
membrane-associated proteins. Although CYTOP has an
excellent compatibility with many water-soluble proteins, its
very low surface energy (and high hydrophobicity) result in
enhanced adsorption and, consequently, often denaturation of
more hydrophobic proteins coming into contact with the
surface. Peripheral membrane proteins, transmembrane
proteins, or proteins that generally contain hydrophobic
moieties that are either exposed or not well shielded cannot
usually be studied in combination with CYTOP surfaces.

To overcome this problem, we developed a supported lipid—
CYTOP interface, where the CYTOP surface is coated with a
phospholipid monolayer. The stable layer of lipids not only
provides an effective passivation of the surface against the
adsorption of hydrophobic molecules and residues, but also
converts the interface into a model membrane platform to
study lipid—lipid interactions, the functional role of membrane
proteins, membrane—protein interactions, as well as other
biochemical processes, such as molecular transport, signaling,
and catalysis.'”

Furthermore, we introduce replica molding to simplify
compartment fabrication.'® Instead of lithographic patterning
of each CYTOP chip independently, our process requires an
SU8 master to be prepared in the cleanroom only once, as
subsequent replica chips can be patterned using inexpensive
tools outside of the cleanroom.

B MATERIALS AND METHODS

Chamber Fabrication by Photolithography. Chambers were
patterned as described previously.'” CYTOP 816AP (Asahi-Glass,
Japan) was coated on a glass cover slide (32 mm X 24 mm;
Matsunami) by spin-coating at 4000 rpm for 30 s and baked for 1 h at
180 °C. Note that the different grades of CYTOP used in the
subsequent methods differ only in their functional groups, which is
important in how they couple to their various substrates (e.g., glass),
but not in the overall material properties, such as refractive index,
surface energy, or cross-linking density.'' The thickness of the
CYTOP layer was 3 pm, as determined by an optical profiler (VK-
X1000; Keyence). Photolithography was then performed using a
positive photoresist (AZP4903; AZ Electronic Materials) to pattern

mask structures on the CYTOP layer. Subsequently, the resist-
patterned substrate was dry etched with O, plasma using a reactive
ion-etching system (RIE-10NR; Samco). For photoresist lift-off, the
substrate was sonicated in acetone for 10 min and rinsed with 2-
propanol and deionized water.

Chamber Fabrication by Replica Molding. Replica-molded
CYTOP chamber fabrication was adopted from an X-ray chip
fabrication method that used solvent-diluted epoxy resin.'® First, an
SU8 master was fabricated by standard photolithography methods: on
a 2" silicon wafer, a 3 um thickness SU8 3005 (Microchem, USA) was
spin coated, subsequently exposed to UV, and developed. To fabricate
the stamp, PDMS was mixed with a cross linker in 10:1 weight ratio,
cast on the SU8 master, and cured at 75 °C over 2 h. The PDMS was
then peeled off the master. Subsequently, CYTOP 109AE was drop-
cast on a clean glass cover slide, and the stamp was pressed down with
a weight of ~65 mg mm™2 CYTOP was gently cured on a hotplate at
50 °C over 20 min, until full solvent evaporation. Finally, the stamp
was gently peeled off.

Giant Unilamellar Vesicles Preparation and Hemifusion
with CYTOP Surface. Giant unilamellar vesicles (GUVs) composed
of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), containing
additional 0.005 mol % Atto655-DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine), were produced by electroformation in
polytetrafluoroethylene chambers with platinum electrodes 4 nm
apart, as described previously.”””" Briefly, 6 uL of the lipid mixture (2
mg mL™" in chloroform) was spread onto two platinum wires and
dried in a desiccator for 30 min. The chamber was then filled with 370
UL of a 250 mOsm kg™ aqueous solution of sucrose. An AC electric
field of 2V (RMS) was applied at a frequency of 10 Hz for 1.5h,
followed by 2 Hz for 45 min. The obtained solution was diluted 1:10
in volume in 250 mOsm kg™’ sucrose and further diluted 1:7 in
volume in buffer M (25 mM Tris-HCl, 150 mM KCl, S mM MgCl,,
pH 7.5).

A flat CYTOP was prepared by spin-coating a film of CYTOP
(809M); diluted 1:10 in volume in solvent CT-SOLV180, at 3000
rpm for 40 s; and a reaction chamber assembled, as described
previously.””

Monolayer Preparation on CYTOP Surface. All lipids were
purchased from Avanti Polar Lipids (Alabaster, AL, USA), unless
otherwise stated. Small unilamellar vesicles (SUVs) composed of
DOPC or DOPC/DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-
glycerol)) (7:3 molar ratio), containing additional 0.005 mol %
Atto655-DOPE (Atto-TEC GmbH, Siegen, Germany), were prepared
at a concentration of 4 mg mL™! in buffer M, as described
elsewhere.”” Shortly, lipids dissolved in chloroform were dried
under a nitrogen stream, and vials were placed in a desiccator to
remove residual chloroform for at least 30 min. Afterward, lipids were
slowly rehydrated in buffer M and SUV's were generated by sonication
in a water bath (model 1510; Branson) until the solution appeared
clear.

To deposit self-assembled monolayers (SAM) on a planar surface,
we first spin-coated a film of CYTOP (809M); diluted 1:10 in volume
in solvent CT-SOLV180, at 3000 rpm for 40 s; and assembled a
reaction chamber, as described previously.”> SUVs were added to the
chamber at a concentration of 0.5 mg mL™" in buffer M. After 10 min
incubation at 37 °C on a heating block, the SAM was gently washed
with a total of 600 L buffer S (25 mM Tris-HC, 150 mM KCI, pH
7.5) to remove excess vesicles.

CYTOP Chamber Loading and Sealing. A flow cell was
constructed, as described elsewhere."” To prepare SAM on the
fabricated chamber surface, SUVs were added to the flow cell at a
concentration of 0.5 mg mL™" in buffer M. After 10 min incubation
on a 37 °C warm heating block, the SAM was washed by exchanging
the volume inside the flow cell 3 times with buffer S to remove excess
vesicles. After coating the surface with lipids, the desired reaction
mixture was flushed in to fill up the chambers.

To seal the chambers, we first prepared a lipid—mineral oil mixture.
A DOPC/DOPG mixture (7:3 molar ratio), dissolved in chloroform,
was partially evaporated in a glass vial until the meniscus touched the
bottom. Mineral oil (Art-Nr. HP50.1; Carl Roth) was added and

DOI: 10.1021/acsami.9b05073
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Figure 1. CYTOP chambers microfabricated by (A) photolithography involving reactive ion etching (RIE) and (B) replica molding. Fabricated
chambers were imaged on a laser profiler (C, above): RIE; (C, below): replica molded. Chambers were fabricated with height ~3 ym and width ~5
um, and their height profiles are plotted in (D), which reveals that replica-molded chambers can be fabricated with remarkable similarity to those

made by RIE.

vortexed, with the final concentration of lipid in the mixture at 2.5 mg
mL™". Handling of mineral oil was done in a nitrogen chamber (<10%
relative humidity). This mixture was then flushed in to the flow cell to
seal the chambers.

Fluorescence Microscopy Imaging and Fluorescence Re-
covery after Photobleaching. Z-stack images of loaded chambers
were obtained on a Zeiss LSM780 confocal laser scanning microscope
using a Zeiss C-Apochromat 40X/1.20 water-immersion objective
(Carl Zeiss AG, Oberkochen, Germany). Alexa 488 was excited using
the 488 nm argon laser, and Atto655-DOPE using the 633 nm He—
Ne laser.

Surface images were taken on Nikon Eclipse Ti2 in a TIRF (total
internal reflection fluorescence) set-up using a Nikon Apo TIRF 60X/
1.4 oil immersion objective, and for imaging chambers, we used
Nikon Eclipse Ti in a spinning disk confocal set-up, with the Nikon
Plan Fluor 20X/0.75 water immersion objective (both Nikon GmbH,
Diisseldorf, Germany). We used the 490 and 640 nm diode laser lines
to image GFP and Atto655-DOPE, respectively. All images were
processed using Fiji with the standard set of packaged plugins
sufficient for basic analysis.”®

For fluorescence recovery after photobleaching (FRAP) analysis, a
circular spot of S ym diameter was illuminated with full laser power
for 20 ms, and the average intensity was recorded every 3 s over 300 s.
Measurements were taken at room temperature (23 °C). Intensity in
a second area of the same dimensions was recorded in the same field
of view, in order to correct for the intensity drift. The intensity trace
was fit to the equation derived by Soumpasis™*

£ = /[1[27) N 11( ZT ]]

Here, 7p is the characteristic timescale for diffusion, and t is the time.
f(t) is the normalized fluorescence, and I, and I, are modified Bessel
functions. The diffusion timescale for a bleached spot of radius r is 7p,
= r*/4D with D the diffusion coefficient. A custom code written in
Python was used for curve fitting and data analysis.

Cell-Free Extract. S30 cell extracts were prepared from either
Escherichia coli strain BL21 (DE3) or A19 according to previous
protocols described by Kigawa et al.”® and Kai et al.”**” The basic
cell-free reactions for batch configuration was set up according to
previous protocols by Kigawa with modifications as follows: 17 mM of
HEPES/KOH (pH 7.5); 3.2 mM of ATP; 1.6 mM of CTP, GTP, and
UTP; 1 mM of DTT; 0.175 mg mL™! of E. coli total tRNA mixture;
0.64 mM of cAMP; 210 mM of potassium glutamate; 8.7 mM of
ammonium acetate; 21 mM of magnesium acetate; 34 ug mL™! of L-5-
formyl-$,6,7,8-tetrahydrofolic acid (folinic acid); 2.0 mM each of 20
amino acids; 2% PEG (8000); 100 mM of creatine phosphate; 250
mM of creatine kinase; 15 ng yL™" of plasmid DNA template; 30%
(v/v) of $30 extract from E. coli BL21 (DE3); and 10 pg mL™" T7
RNA polymerase.

To estimate the concentration of purified eGFP, an absorption
spectrum of a 1:100 dilution in buffer M was recorded from 300 to
600 nm using a Jasco V-650 spectrophotometer (Jasco Deutschland
GmbH, Germany). The absorption peak at 489 nm was used in
combination with the Lambert—Beer relation, A = ecl (A = measured
absorption, £ = S5 000 M™' cm™" for eGFP, path length = 10 mm), to
estimate the concentration ¢ of the dilute solution. We took a dilution
series of this solution to create an intensity standard, which we used to
estimate the concentration of our expressed protein.

MinDE Self-Organization Assays. For the reconstitution of the
MinDE assay on Zplanar surfaces, we used protocols as described in
earlier literature.”” For reconstitution in the chambers, a mixture of
0.5 uM MinD (doped with 30% EGFP-MinD), 1 4uM MinE, and 2.5
mM ATP (from 100 mM ATP stock in 100 mM MgCl,, pH 7.5) in
buffer M was first prepared. The mixture was then loaded onto the
flow cell and incubated for 30 min at room temperature (23 °C). The
chambers were then sealed, as described previously.

B RESULTS AND DISCUSSION

CYTOP Chambers Fabricated by Reactive lon Etching
and Replica Molding. Photolithography is a commonly used
method to pattern materials, including CYTOP, that are

DOI: 10.1021/acsami.9b05073
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Figure 2. (A) GUVs hemifuse with CYTOP to form SAM patches. (B) Intensity profile of lipid membrane patches (taken through the diameter)
formed by GUV fusion on glass (D) and on CYTOP (E). (C) Area of the membrane patch was plotted over time [from time lapse image, (E)].

-1

From the initial gradient, we calculated the surface energy of the material (21 = 3 mN m™')

themselves not photo-reactive (Figure 1A). A photoresist is
first deposited on top of the material and patterned by UV
light, which then becomes a mask for the subsequent chemical
or plasma treatment that etches away the material in the
regions that are exposed. The photoresist is then lifted off to
reveal the patterned structures.

With CYTOP, the etching step is done with a high-power
oxygen plasma, which requires a reactive ion etcher (RIE).
Although this is a reliable and effective technique, the
equipment is costly and many cleanroom facilities do not
offer respective procedures. We therefore present an alternative
fabrication method by replica molding (Figure 1B), which
requires significantly less technical expertise and lowers
equipment costs. In replica molding,'® we first require a
master or a template. The master can be either purchased or
fabricated by patterning a photoresist, such as SU8, by UV
exposure. Then, a PDMS stamp is cast out of the master mold
and pressed down on uncured CYTOP. The CYTOP is cured
with the stamp in place, taking its form. Once the stamp is
lifted off, a high-fidelity replica of the master remains.

The fabricated chambers by both methods were imaged on a
profiler (Figure 1C, top: RIE, bottom: replica molding), and
the height profile (Figure 1D) shows little difference between
the two methods. In the subsequent encapsulation experi-
ments, we used chambers produced with both methods and
compared the obtained results. Replica molding is a low-cost
alternative to the highly reliable photolithography method
using RIE. It can, however, lead to small variations across
samples. For example, there can be small damages in parts
when the stamp is peeled off, and variations in the way the
stamp is pressed down onto the uncured CYTOP can
sometimes cause deformed structures. A rigid frame around
the PDMS stamp”® would reduce deformations and increase
the fidelity of the replica, and thus should be attempted in the
next iteration to improve this technique.

Hemifusion of GUVs on CYTOP Confirms the
Formation of SAM. To address the issue of CYTOP’s
biocompatibility, we attempted to coat the surface of CYTOP
with lipid membrane. On hydrophobic surfaces, such as that of
CYTOP, vesicles are thought to undergo the process of
hemifusion,* during which the lipids in the vesicle bilayer

reorganize themselves such that the hydrophobic tails (of both
the inner and outer leaflets of the vesicle) come into contact
with the surface. This forms a low-energy interface between the
hydrophobic substrate and the surrounding buffer, as a result
of the formation of a lipid SAM.

To test the hypothesis that vesicles form a lipid monolayer
upon hemifusion on the CYTOP surface, we utilized GUVs
(Figure 2A). Typically with diameters S—20 um, these
membrane structures are large enough to be well resolved by
optical microscopy, making them ideal test substrates for
detailed analyses of the fusion process and the formed lipid
patch.

We prepared a flat spin-coated CYTOP and deposited a
solution containing GUVs on top of the CYTOP surface. We
then observed the hemifusion process by TIRF microscopy.
The SAM patch formed through GUV hemifusion resulted in a
unique intensity profile on the CYTOP surface (Figure 2B)
that is markedly different from that of a supported lipid bilayer
(SLB) formed on glass (Figure 2D). The formed SAM patch
appeared fuzzy, with a less-defined edge because of a gradual
intensity fall-off that implies a sparser lipid density away from
the center of the fusion site. In contrast, an SLB patch had a
very defined edge with a sharp intensity fall-off, and the lipids
formed a homogeneous coverage. A previous study on the
hemifusion of GUVs on a hydrophobically functionalized glass
surface showed that GUV-fused SAM patches have a
characteristic morphology and behavior, from which we
could draw close comparisons with our observations.”

We observed the hemifusion of a GUV in high time
resolution (30 ms time intervals) by TIRF microscopy; we can
see the vesicle coming into contact, fusing, and spreading on
the CYTOP surface (Figure 3E) and plotted the area increase
over time (Figure 3C). We also observe the same by spinning
disk confocal microscopy (Figure S1), where we can more
clearly see the vesicle outline during fusion, which shrinks as
lipids are reorganized and the SAM spreads over the surface. A
physical model was developed by Zan et al,” in which the
instantaneous free energy gain because of the lipids spreading
and the covering of the hydrophobic surface by the lipid tails is
balanced by the frictional losses of the lipids flowing from the
center of the hemifusion toward the edge of the covered area.
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Figure 3. Lipid preparation on CYTOP surface. (A) Schematic of
SAM formation. SUVs were incubated on the CYTOP surface, where
they fuse to form a homogeneous SAM. (B,C) Subsequent FRAP
analysis shows fluorescence recovery. (D) After coating the surface
with SAM, the chambers can be sealed by flushing in mineral oil
containing lipids through a flow cell. (E) Z-stacks of the sealed
chambers were taken with a confocal microscope. The lipids are
labeled red (DOPE-Atto655) and soluble Alexa 488 dye in the
encapsulated volume (cyan).

For vesicles with radii R &~ 10 um, the initial rate of area
expansion can be approximated by a linear equation”

dA  limy

dt b

where y is the surface energy, b is the friction coefficient, and A
is the area over which the lipid layer spreads. Using the value b
~ 10° N s m>(based on Zan et al.””) and taking the initial
linear gradient from the first ~500 ms of area expansion after
fusion occurs, we calculated the surface energy of the material
(21 £ 3 mN m™), which is in good agreement with previous
measurements (19 mN m™), published by Asahi-Glass."!
Taken together, our results support that the CYTOP-
supported lipid membrane is indeed a monolayer.

Self-Assembled Lipid Monolayers Formed on CYTOP
through SUV Fusion. Having obtained strong evidence for
the formation of SAMs on CYTOP, we attempted to form a
uniform coating of lipids on the fabricated chamber surface.
For this purpose, we deposited a solution containing a high
concentration of SUVs on top of the CYTOP surface (Figure
3A). We prepared the SUVs with two lipid compositions: one
containing DOPC and another with a DOPC/DOPG mixture
(7:3). The latter has a net negative charge, which is crucial for
the function of many membrane-interacting proteins, such as
E. coli MinDE.

Both RIE-prepared and replica-molded structures were
successfully coated with a homogeneous SAM (Figure S2),
whose membrane mobility was assessed by FRAP (Figure
3B,C). In all cases, the obtained lipid diffusion coefficients
were between 1.0 and 1.5 um? s™' (Table 1), which are

Table 1. Calculated Diffusion Coefficients from FRAP
Analysis”

diffusion coefficient
2 ~1

(um® s7") mobile fraction (%)
RIE replica RIE replica
DOPC 13 +£03 1.5 +07 98 +£2 97 £3

DOPC/DOPG

“Error represents standard deviation of measurement values from n =
15 independent experiments.

1.0 £ 02 13 £05 97 £3 97 £2

comparable to those of other SAM systems (0.2—2 um?® s™*),
\***! and still in the range of those measured for SLBs (1—6
um?® s71).3%3 More importantly, the immobile fraction was
negligible, indicating the lack of major lipid aggregates and
other surface artifacts.

Having fabricated the chambers and coated their surfaces
with lipid membranes, we encapsulated biochemical reactions.
The loading of the chambers was done in a flow cell, as shown
in the schematic (Figure 3D). The confocal cross-sectional
image (Figures 3E and S3) shows Alexa 488 dye successfully
encapsulated in these lipid-coated chambers.

SAM on CYTOP Improves Biocompatibility. The native
CYTOP surface is incompatible with many biological systems.
Here, we show that SAM coverage can provide adequate
passivation, which increases the biocompatibility of our
CYTOP system. We first used water-soluble eGFP as a
model protein. Despite its apparent hydrophilicity, eGFP
adheres to and denatures upon contact with the CYTOP
surface (Figure S4). Hence, we attempted to show that the
SAM passivation is sufficient to shield the protein from
CYTOP’s hydrophobic surface.

A solution containing 50 nM eGFP was incubated on top of
CYTOP (Figure S4A). Without the SAM, the fluorescence
intensity on the surface was almost 16-fold higher than in the
solution (Figure S4C,D), and we also saw aggregates forming
on the surface. We verified that there was almost no recovery
after photobleaching, suggesting that the eGFP attached
permanently to the surface (Figure S4E,F). We then formed
the SAM (DOPC) prior to depositing the eGFP solution. In
this case, the fluorescence intensity on the surface could be
dramatically reduced (Figure S4B—D). We still found a slight
increase in the fluorescence on the membrane, which could
point to a weak interaction between eGFP and the lipid. In
contrast to the non-passivated CYTOP surface, eGFP was not
permanently bound, as seen from the complete fluorescence
recovery after bleaching on the surface.

To further verify the enhanced biocompatibility, we
attempted cell-free protein synthesis (CFPS) inside the
SAM-covered CYTOP chambers. The encapsulation of cell-
free extracts has recently caught much attention,>* because
proteins can be expressed in defined volumes without the need
of any additional protein purification steps.”® The cell-free
extract is an extremely complex mixture of proteins and co-
factors and can therefore be compromised by the incompat-
ibility of its constituents with their surrounding material.
Moreover, encapsulating volumes inside small chambers,
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whose surface area-to-volume ratio is high, emphasizes this
problem; adsorption onto the larger surface to available
volume can lead to a more significant depletion of components
away from the reaction volume. Here, we show that GFP can
be readily expressed within SAM-covered chambers, as the
increased biocompatibility because of the SAM allows protein
synthesis to occur efficiently.

The chambers were fabricated by the two alternative
methods outlined before (photolithography and replica
molding). The SAM was formed on the surface, and the
chambers were subsequently loaded with the cell-free extract.
After sealing the chambers, we incubated them at 37 °C over $
h, monitoring the GFP expression levels by measuring the
fluorescence intensity in the fabricated wells every 30 min
(Figure 4).

A 0 min 60 min

z-stack

800

b
- 3
2 600 g
>

2z 8
2 w00 H
£ 200 H

Time [min]

Figure 4. GFP expression by CFPS in sealed CYTOP chambers. (A)
Time lapse images of the chambers, with time intervals of 30 min. (B)
Z-stack image of the sealed chambers. (C) GFP expression levels
against incubation time at 37 °C. Error bars represent standard
deviation of measurement values from n = S independent experi-
ments.

In our chambers, GFP was expressed almost linearly for the
first 2 h of incubation, after which the expression slowed down.
Without lipid passivation, GFP levels stayed low even after S h
of incubation. This is a strong indication that the SAM’s
passivation is effective at preventing essential cell-free
components from adsorbing to the CYTOP surface.

In this experimental set-up, each glass slide contains around
100 000 chambers of picoliter-sized reaction volumes. In our
flow cell, the required sample volume used for loading was as
low as 40 pL. The high-throughput, yet highly efficient, nature
of these microfabricated systems can be further improved by
connecting it to a microfluidic set-up, and this could also allow
more complex exchange of solutions, to enable, for example,
the generation of concentration gradients over the slide.*®

The expression of proteins using cell-free extracts in such
high-throughput systems can be a powerful technique.
Directed evolution of enzymes, where DNA from a DNA
library could be introduced to each chamber and directly
expressed in the cell-free extract, is an example. We also
speculate that this technique can be combined with ALBiC-
style chambers, developed by Noji et al,”” where, instead of
having a mineral oil seal, the chambers have a free-standing
bilayer interface sealing the top of the chamber.

SAM on CYTOP as a Platform for the Study of
Membrane-Interacting Protein Systems: E. coli MinDE.
We investigated whether the lipid interface formed on CYTOP

can be used as a platform to study membrane-interacting
proteins. In particular, we investigated the E. coli MinDE
system, which is known to form dynamic patterns when
reconstituted on supported lipid membranes.”® The recon-
stitution of the Min system on planar surfaces, as well as
encapsulation in aspherical compartments, has been well
studied,”*****® and therefore, it is an ideal model protein
system to test our new platform. Importantly, either the
micropatterning methods employed in previous studies have
not succeeded in fully sealing the reaction volume'® or the
structural material they have used can have unfavorable
chemical or optical proper’ties,7 particularly in the case of
PDMS.

The E. coli MinDE system involves two proteins, MinD and
MinE: MinD forms a dimer in the presence of ATP, upon
which it attaches cooperatively to the membrane. At higher
local concentrations on the membrane, it recruits MinE.
MinD’s ATPase activity gets activated when MinE is bound to
it, which in turn triggers its detachment from the membrane.*!
The time delay between the accumulation of MinD on the
membrane and MinE-triggered detachment, or in other words,
the delayed negative feedback, results in traveling waves of Min
proteins on a planar surface,””*® and pole-to-pole oscillations
when confined in a cylindrical geometry,'® which has been
shown to position the cell division ring in E. coli.*”

First, we prepared a planar CYTOP surface by spin-coating
and coated the surface by SUV hemifusion (lipid composition
DOPC/DOPG in 7:3 ratio). We then incubated purified
MinDE proteins and observed their dynamics. Dynamic spiral
patterns were observed on the surface (Figures SA and S5), in
good qualitative agreement with observations made in previous
studies on supported bilayers.” The measured period (1-2
min) and wavelength (~30 ym) compare well with previous
studies on bilayers (period 0.6—2 min, wavelength 50—110
um)>?*%% 4 well as on monolayer surfaces at the air—water
interface (period 0.5—1 min, wavelength 30—60 ym).44 The
Min wavelength is known to vary according to the substrate
and its preparation,” and a different wavelength on CYTOP
can therefore be expected.

As a control, we checked that MinD is indeed adhering to
and denaturing on CYTOP without the SAM (Figure SB).
Without MinE and in the presence of ATP, MinD still has a
basal on/off rate from the membrane that is not catalyzed by
MinE binding. Without the SAM, FRAP analysis on this
system shows only partial recovery, which suggests that most of
the MinD is permanently bound to the CYTOP surface. With
the SAM, MinD fluorescence almost fully recovers, which
indicates a healthy cycling of MinD from the membrane into
the bulk volume.

We fabricated chambers as bacteria mimicries—in elongated
chambers with aspect ratios (width/length) ranging from 1:1
to 1:S. Both photolithography (Figure S) and replica molding
(Figure S6) methods were tested, and we confined the MinDE
proteins within these chambers and observed their dynamics.

After encapsulation, MinDE performed pole-to-pole oscil-
lations in the longer chambers, in good agreement with
previous in vitro studies.”’® These standing waves determine
midcell in E. coli:* the time-averaged concentration of MinD
is depleted in the middle, and this is where the FtsZ ring can
form and act as a scaffold for subsequent assembly of the cell
division machinery. In small aspect ratio chambers, we also
observed volume oscillations or “blinking” of Min proteins,
where the Min proteins are periodically either attached to or
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Figure 5. MinDE system dynamics reconstituted on CYTOP-SAM. (A) Min proteins form spiral waves on a planar surface. (B) As a control, MinD
activity on the surface was checked by FRAP with and without the SAM. (C) Min proteins can be encapsulated in rod-shaped chambers, with
aspect ratios ranging from 1:1—=5. (D) Time lapse images of pole-to-pole oscillations in rod-shaped chambers and (E) “blinking” dynamics in

symmetrical compartments.

dissociated from the membrane. This behavior was also seen
previously in spherical vesicles and in systems with high
surface/volume ratios.***°

The successful encapsulation of the MinDE system conveys
two important messages with regard to other potential
applications of the CYTOP structures described here. The
first is that complex protein systems, whose function is
dependent on geometry, can be readily studied in these
confined and asymmetrical chambers when they are passivated
by a lipid membrane. The second is that a negatively charged
lipid membrane can be formed on the surface, providing an
active and catalytic interface that is essential for the function of
many proteins. Indeed, most prokaryotic cell membranes are
negatively charged, and therefore, many bacterial protein
systems are adapted to work on this type of membrane. A more
comprehensive investigation of lipid species, such as PIP, or
DOPS, could further extend the range of protein systems (e.g,,
eukaryotic) that CYTOP-SAM chambers can be utilized for.

Bl CONCLUSIONS

In the search for new materials for the fabrication of
biomimetic and biocompatible compartments to encapsulate
complex protein systems, we turned our attention to CYTOP,
an amorphous fluorinated polymer that has good chemical
resistance and ideal optical properties for imaging with

standard fluorescence microscopy methods. We demonstrated

21378

that CYTOP chambers can be fabricated by two methods: one,
by photolithography using RIE, and second, by replica
molding. In order to increase the range of compatible
biosystems, we deposited an SAM on the CYTOP surface by
SUV fusion. By coating it with lipid monolayers, the surface
can be efficiently passivated against adhesion and subsequent
denaturation of proteins. Importantly, the structures can be
fully sealed by a lipid monolayer, enabling the design of closed
membrane compartments of defined 3D geometry. Further-
more, we demonstrate that the CYTOP-SAM is an improved
model membrane platform to study membrane-interacting
proteins, in particular the dynamic MinDE system.
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Figure S1: (A) Time lapse of GUV hemifusion with CYTOP (Movie 1); (B) corresponding SAM area over
time.
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50 ym

Figure S2: Homogeneous SAM coverage over 354.25 um x 354.25 um field of view. Lipids are labelled
red with ATTO655-DOPE.
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Figure S3: z-stack of sealed chambers with aspect ratios 1:1.5, 1:2.5, 1:5.
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Figure S4: Passivation of eGFP against adhesion onto CYTOP surface (A). A confocal z-stack image was
taken at the CYTOP surface with (B, left) and without (B, right) SAM, and intensity in Z was plotted in
(C). Without the SAM passivation, intensity on the surface was 16-fold higher than in solution. FRAP
analysis on the surface (D,E) showed permanent adhesion of eGFP on the CYTOP surface without SAM,
as well as some aggregates.
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500 pm

Figure S5: MinDE patterns over an extended area of 2 mm x 2 mm. Concentrations MinD 0.5 uM,
MinE 0.5 uM.
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Figure S6: MinDE encapsulation in replica molded chambers. As with RIE-fabricated chambers, the
longer chambers performed pole-to-pole oscillations (A) while the more symmetric chambers showed
“blinking” (B), showing little difference in their behavior between the two fabrication methods.
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6.3 PusLicaTioN P3: Membrane-coated 3D architectures for bottom-up synthetic
biology

Having explored methods to pattern membranes in 2D (section 5.1), and in com-
partmentalised structures fabricated from negatively molded, embossed structures
(section 5.2), I turned to fabrication methods that allow us to pattern lipid membranes
in fully 3D geometries. This is outlined in the associated publication P3.

In a reaction-diffusion system that involves the attachment of proteins to the lipid
surface, their subsequent detachment as well as their diffusion in the bulk volume,
self-organisation of the Min system is inherently dependent on spatial features in
three dimensions. In order to interrogate this additional parameter space, generating
fully 3D shapes that are not simply extrusions of 2D patterns, is crucial. This would
gives us the opportunity to engineer and systematically vary the local surface to
volume ratios to study their effects on the Min pattern formation.

To achieve this, I employed two-photon laser lithography - a 3D printing technique
with sub-micron spatial resolution and is thus capable of generating structures on
length scales relevant to the Min system. To create membranous structures, I formed
supported lipid bilayers on the surfaces of these 3D printed objects. Significantly,
I undertook a thorough investigation of the lipid-substrate interaction that can be
tuned in order to reliably deposit membranes on 3D printable materials.

As a proof of concenpt, I then printed rod-like structures as the most conceivably
simple 3D object to reconstitute the MinDE system. On these structures, I found
that the width of the rods compared to the typical wavelengths of Min waves is a
critical parameter in giving directionality to the waves along the axis of the rods. This
behaviour is similar to the observations made on 2D chromium patterned membranes,
which I investigated in section 5.1.

In this work, I created a toolbox that allows us to investigate the 3D geometry
dependence of membrane-interacting proteins in general. This work also outlines
a robust framework by which supported membranes from different types of lipids
can be formed on any material, anticipating the development of new 3D printable
materials for future biological applications. This is goes in line with continuous
efforts in the field to imitate and recapitulate the complex 3D organisation of cells
and organelles in vitro, to gain a better understanding of how 3D geometries affect
biochemical functions.
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One of the great challenges of bottom-up synthetic biology is to recreate the cellular geometry and
surface functionality required for biological reactions. Of particular interest are lipid membrane
interfaces where many protein functions take place. However, cellular 3D geometries are often complex,
and custom-shaping stable lipid membranes on relevant spatial scales in the micrometer range has been
hard to accomplish reproducibly. Here, we use two-photon direct laser writing to 3D print
microenvironments with length scales relevant to cellular processes and reactions. We formed lipid
bilayers on the surfaces of these printed structures, and we evaluated multiple combinatorial scenarios,
where physiologically relevant membrane compositions were generated on several different polymer
surfaces. Functional dynamic protein systems were reconstituted in vitro and their self-organization was
observed in response to the 3D geometry. This method proves very useful to template biological
membranes with an additional spatial dimension, and thus allows a better understanding of protein
function in relation to the complex morphology of cells and organelles.

Introduction

Many protein functions take place at lipid interfaces; and often,
geometrical features are key in regulating this interaction.
For example, membrane curvature,"”” compartmentalisation
into droplets and vesicles,>* and formation of domains that
pattern lipid surfaces™® all govern pathways by influencing
protein localization and behaviour. Consequently, engineering
membrane geometry to mimic cellular features, in order to
faithfully reconstruct biological functionality in vitro, is one of
the most fundamental challenges in bottom-up synthetic
biology.

Over the past years, many techniques have been developed
to generate artificial membranes and modulate their geometry.
They often start from spherical membrane mimics, such as
water-in-oil droplets and liposomes,” which can be produced in
large numbers and feature cell-sized volumes with phospholipid
mono- or bilayer interfaces. By varying membrane curvature or
surface tension through buffer exchange or membrane-
transforming agents, the geometry of these delicate free-standing
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vesicles can be deformed into rod- or tubular-like shapes, mimicking
certain cellular geometries.*® However, the resulting morphologies
are either ill-controlled or require sophisticated techniques that
are technically challenging. In particular, since non-spherical
shapes are rarely in equilibrium, they tend to be temporally
unstable and hard to control. Hence, the variety of shapes that
free-standing vesicle membranes can adapt to is limited. Other
bilayer systems, such as black lipid membranes'®*? and other
emulsion transfer methods®® also suffer from this limitation;
their membrane topology and topography cannot be easily
varied beyond their equilibrium state.

In this regard, supported lipid membranes on substrates
provide an attractive alternative, featuring high stability of
membranes and facile preparation methods.”* They can be
formed on planar surfaces, but their geometry can also be
varied by forming them on patterned substrates’>™® or on the
surfaces of microfabricated compartments.”®>! Here, the range
and size of possible geometries depends on the underlying
pattern or the shape of the supporting material, which allows
much greater flexibility. However, accurately recreating cellular
geometries often requires complex 3D features, which conventional
2D patterning methods cannot achieve.

In order to explore more complex 3D structures for
membrane sculpting, we turned to two-photon direct laser
writing (2PP-DLW) - a light-initiated 3D printing technology, based
on photoresist polymerisation upon the quasi-simultaneous
absorption of 2 photons. Owing to the higher definition of the
2-photon point spread function, structures can be printed with
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sub-micron resolution,” and custom-shaped 3D microenviron-
ments can be accurately fabricated with length scales relevant to
cellular processes. 2PP-DLW has been successfully employed in
optics,® microfluidics,® soft robotics® > and biological
applications,®®**=° and a variety of photoresists and post-
modification methods have been developed to further increase
the range of chemical functionalities for the different
applications.***

To form supported lipid membranes on materials suitable
for 3D lithography, Ormocomp, pentaerythritol triacrylate
(PETA) and trimethylolpropane ethoxylate triacrylate (TPETA)
are of particular interest. They are well established polymer
systems in bio-applications because they have low cytotoxicity,
are easy to handle, and show minimal autofluorescence with
good transmittance of light for imaging.’’?*?* They are
chemically and mechanically stable, with low swelling unlike
typical hydrogels,®® and their elastic moduli are typical for
stiff polymers (Ormocomp ~1 GPa, PETA ~3 GPa and TPETA
~10 MPa).***” Their chemical compositions are also ideal for
manipulating membranes: PETA includes an exposed hydroxyl
group that aid in lipid membrane formation, whilst TPETA has
a PEG-like chain that passivates against membrane fusion.
Ormocomp is accessible to a wide range of available post-
modification methods,*?® including silanization, that can
render the surface favourable for membrane formation.
Therefore, these materials are ideal candidates to fabricate
3D-lipid bilayer architectures.

In this paper, we introduce a new method for generating
custom-shaped membrane morphologies based on 2PP-DLW.
We specifically tailor 3D printed structures that are templates
for biomimetic lipid membranes - different lipid compositions
can be deposited, based on charge interaction between lipids
and support structures. We apply our membrane architectures
to investigate the influence of particular spatial features on
in vitro reconstituted protein systems. These include a
membrane attached minimal actin cortex and the pattern
forming MinDE protein system from E. coli, which displays
dynamic self-organization in response to 3D spatial patterning.
Although 2D structuring of membrane surfaces has previously
been shown to alter the obtained patterns,®® adding another
spatial dimension will bring us an important step closer
towards studying true biomimetic functionality.

Experimental
Fabrication of 3D microstructures

To enhance the adhesion of the microscaffolds to the glass sub-
strate surface for pentaerythritol triacrylate (PETA, Sigma-Aldrich)
and trimethylolpropane ethoxylate triacrylate (TPETA,
Sigma-Aldrich, M,, ~ 692, Sigma-Aldrich), glass coverslips
(22 mm x 22 mm, borosilicate, Menzel) were initially treated
with O, plasma (Zepto, Diener Electronic) (power 30%, pressure
0.3 mbar for 1 min), then immersed in 3-(trimethoxysilyl)propyl
methacrylate (Sigma-Aldrich, >98%) (0.1 mL in 20 mL ethanol)
overnight, rinsed in water, and dried with nitrogen. At this
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point, the coverslips should be slightly hydrophobic - a visual
inspection of the contact angle of a small water droplet with the
surface (>45°) should suffice. For Ormocomp (Microchem,
USA), similarly plasma treated coverslips were spin-coated with
OrmoPrime (Microchem, USA) for 40 s at 6000 rpm and then
baked on a hotplate for 5 min at 150 °C.

For lipid assays, plane surfaces of Ormocomp and PETA
were spin-coated (60 s at 6000 rpm) and UV exposed (FormCure,
Formlabs) for 15 min at room temperature. As TPETA requires
either an overnight exposure, or cures more efficiently with
O,-free atmosphere - a slab of PDMS was gently pressed down
on a drop of photoresist and exposed to UV for 15 min at RT.

For the Min assays, treated coverslips were further spin-coated
with a drop of Ormocomp and UV exposed, so that the glass
surface is also coated with Ormocomp (thickness ~10 pm).

For 3D printing, scaffold geometries were designed in Solid-
works (Dassault Systemes, France), and print parameters then
specified in Describe (Nanoscribe GmbH, Germany) and fabri-
cated on a commercial DLW system (Photonic Professional,
Nanoscribe GmbH, Germany) with a Zeiss LCI “‘Plan-Neofluar”
25x/0.8 objective, corr-ring set on oil immersion. The photo-
resist was drop-cast onto the coverslip and the 3D micro-
scaffolds were printed with an oil immersion (Carl Zeiss
Immersol 518F). After exposure, the structures were developed
and rinsed with isopropyl alcohol (for PETA and TPETA) or
OrmoDev (Microchem, USA) and then isopropyl alcohol (for
Ormocomp). The structures were kept submerged in isopropyl
alcohol (IPA) and dried using a critical point dryer (Leica EM
CPD300). This was because drying the beam structures directly
in air would lead to them collapsing due to surface tension - for
larger, sturdier structures, drying in air would be sufficient.

For composite printing, PETA was dropcast on spin-coated
TPETA. The grids were printed at 80% laser power and 15000 pm s~ .
The sample was then developed and rinsed with isopropyl
alcohol and dried in a stream of air.

Scanning electron microscopy

Samples were first sputter-coated with platinum/palladium on
a high-resolution automatic sputter coater (Cressington 208HR)
at 20 mA and 0.1 mbar Argon for 3 x 20 s. The thickness of
the applied coatings was measured with a built-in thickness
controller to be 2.0 nm. They were then imaged using TESCAN
MIRA3 FESEM operating at an accelerating voltage of 10 kV in
SE mode.

Homogeneous bilayer formation by small unilamellar vesicles
(SUV) fusion

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL,
USA), unless otherwise stated. Small unilamellar vesicles (SUVs)
composed of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) for
neutral lipid membranes, DOPC/DOPG (1,2-dioleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol)) for negatively charged membranes, or
DOPC/DOTAP  (1,2-dioleoyl-3-trimethylammonium-propane) for
positively charged membranes, containing Atto655-DOPE (Atto-
TEC GmbH, Siegen, Germany) in 7:3:0.005 molar ratio. Lipids
dissolved in chloroform were dried under a nitrogen stream, and

This journal is © The Royal Society of Chemistry 2021
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vials were placed in a desiccator to remove residual chloroform for
at least 2 h. Afterwards, lipids were rehydrated in a buffer to a
concentration of 4 mg mL™". One of two types of buffer was used,
depending on the required conditions. pH Buffer (0.1 M Na,CO;
and 0.1 M Na,HCO; mixed in 6:4 volume ratio, pH 10.1) was
prepared to provide basic conditions for deprotonation of
hydroxyl groups. Buffer M (25 mM Tris-HCl, 150 mM KCI,
5 mM MgCl,, pH 7.5) was used for APTES-treated Ormocomp
structures. SUVs were then generated by sonication in a water
bath (model 1510; Branson) until the solution appeared clear.

SUVs were added to a chamber, assembled from a silicone
isolator chamber (Thermo Fisher Scientific, 0717104) pressed
on to the coverslip, at a concentration of 0.5 mg mL ™" diluted
in the buffer of choice. After 3 min incubation at 37 °C on a
heating block, the supported lipid bilayer (SLB) was gently
washed with a total of 600 pL buffer S (25 mM Tris-HCI,
150 mM KCl, pH 7.5) to remove excess vesicles.

For the silanisation treatment of Ormocomp, the samples
were first plasma treated with argon plasma (Model 950
Advanced Plasma System, Gatan), and then incubated in (3-
aminopropyl)triethoxysilane (Sigma-Aldrich) at a dilution of
0.1 mL in 25 mL ethanol for 5 min. The samples were then
rinsed in IPA and water. For delicate structures, the chamber
was assembled with the sample still submerged in water so that
the structures did not collapse under surface tension during
drying. The water was exchanged with buffer, and the SUV
concentration was adjusted to 0.5 mg mL .

Lipid patch formation by giant unilamellar vesicle (GUV) fusion

Giant unilamellar vesicles (GUVs) composed either of DOPC
(neutral), DOPC/DOPG (negative) or DOPC/DOTAP (positive)
mixtures  with  Atto655-DOPE  (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine) in 8:2:0.0005 molar ratio were produced
by electroformation in polytetrafluoroethylene chambers with
platinum electrodes 4 mm apart, as described previously.***!
Briefly, 6 L of the lipid mixture (2 mg mL™" in chloroform)
was spread onto two platinum wires and dried in a desiccator for
30 min. The chamber was then filled with 370 pL of a 250 mOsm
kg " aqueous solution of sucrose. An AC electric field of 2 V (RMS)
was applied at a frequency of 10 Hz for 1.5 h, followed by 2 Hz for
45 min. The obtained solution was diluted 1:10 in volume in
250 mOsm kg ' sucrose and further diluted 1:7 in volume in
their respective buffers. The vesicle solution was then deposited
directly onto the polymer surface, and left for several minutes
until the vesicles sank to the bottom and came into contact with
the surface.

Fluorescence microscopy

FRAP experiments on plane surfaces were done on Nikon
Eclipse Ti2 in a TIRF (totalinternal reflection fluorescence)
set-up using a Nikon Apo TIRF 60x/1.4 oil immersion objective.
We used the 640 nm diode laser lines to image Atto655-DOPE.
FRAP experiments on patterned membrane patches were done
on a Zeiss LSM780 confocal laser scanning microscope using a
C-Apochromat 40x%/1.20 water-immersion objective (Carl Zeiss

This journal is © The Royal Society of Chemistry 2021
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AG, Oberkochen, Germany). Atto655-DOPE was excited by the
633 nm He-Ne laser.

Likewise, F-actin filament and MinDE self-organisation
assays were imaged on a Zeiss LSM780 confocal laser scanning
microscope using a Zeiss C-Apochromat 40x/1.20 water-
immersion objective (Carl Zeiss AG, Oberkochen, Germany).
Alexa488 was excited using the 488 nm argon laser, Alexa568 on
the 561 nm DPSS laser and Atto655-DOPE using the 633 nm
He-Ne laser. Obtained images were processed using Fiji.*>

4D images were taken with Nikon Eclipse Ti in a spinning
disk confocal set-up, with the Nikon Plan Fluor 20x/0.75 water
immersion objective (both Nikon GmbH, Diisseldorf,
Germany). We used the 490 and 640 nm diode laser lines to
image GFP and Atto655-DOPE, respectively. We then used a
custom written script to reconstruct the 4D images. Briefly, the
images were first processed by successive filters: Gaussian 3D
Blur (x = 3, y = 3, z = 10; Subtract Background (rolling ball
radius = 20, sliding paraboloid); Median 3D (x =3,y =3,z=1).
The 3D timelapse images from different fluorescence channels
were then merged into one composite color hyperstack, and
visualized using 3D Viewer (Display as = Volume, Color = None,
Threshold = 0, Resampling factor = 2).

Fluorescence recovery after photobleaching (FRAP)

For FRAP on plane surfaces, a circular spot of 5 um diameter
was illuminated with full laser power for 260 ms, and the
average fluorescence intensity was recorded every 3 s over
300 s. For FRAP on patterned membrane patches, the defined
regions of interest were illuminated with full laser power for
0.82 s (50 iterations on the Zen Black software (Carl Zeiss AG,
Oberkochen, Germany)), and the average fluorescence intensity
was recorded every second for 100 s for the 2.5 pm diameter
circular region, and every 3 s for 300 s for the entire square
patch. Measurements were taken at room temperature (23 °C).
Intensity in a second area of the same dimensions was recorded
in the same field of view, in order to correct for the intensity
drift. The intensity trace was fit to the equation derived by
Soumpasis.*?

f)=e 5" (10 <2TTD> +1 (2%’)) W

Here, 1p is the characteristic timescale for diffusion, and ¢ is
the time. f(¢) is the normalized fluorescence, and I, and I, are
modified Bessel functions. The diffusion timescale for a
bleached spot of radius r is tp = /4D with D the diffusion
coefficient. A custom script written in Python was used for
curve fitting and data analysis.

Atomic force microscopy

AFM was performed on a JPK Instruments Nanowizard III
BioAFM mounted on a Zeiss LSM510 Meta laser scanning
confocal microscope (Jena, Germany). AFM measurements were
taken after locating the membrane patch by confocal micro-
scopy. Cantilevers (BL-AC40TS-C2, Biolever Mini, Olympus)
were used for the quantitative imaging (QI) mode, with typical
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spring constants of 0.09-0.1 N m~". Setpoint force was set to
200-250 PN, acquisition speed to 61.1 pm s ', Zlength to
110 nm and image resolution to 256 x 256 pixels. Data was
analyzed using JPK data processing software Version 5.1.4
(JPK Instruments).

F-Actin filament assays

Actin filaments were prepared according to the published
protocol.**** Briefly, rabbit skeletal muscle actin monomers
(Molecular Probes) and biotinylated rabbit actin monomers
(tebu-bio, Cytoskeleton Inc.) were mixed in a 5:1 (actin: biotin-
actin) ratio. Polymerization of the mixture (39.6 pM) was induced
in Buffer F containing 50 mM KCI, 2 mM MgCl,, 1 mM DTT,
1 mM ATP, 10 mM Tris-HCl buffer (pH 7.5). The biotinylated
actin filaments were labelled and stabilized with Alexa-Fluor
647 Phalloidin (Molecular Probes) according to the manufacturer
protocol.

We formed the SLB as described previously, with DOPC/
DOTAP (1,2-dioleoyl-3-trimethylammonium-propane), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(cap biotinyl) and Atto655-
DOPE (Atto-TEC GmbH, Siegen, Germany) mixed in 6.75:
2.75:0.5:0.0005 molar ratio. Streptavidin Alexa 568-conjugate
(Thermo Fischer Scientific) was subsequently added at 10 nM
concentration and incubated for at least 30 min. After washing
away the excess streptavidin with Buffer F, F-actin filaments were
added at a final concentration of 200 nM. Filaments were incubated
for at least 1 h at room temperature, and the unattached filaments
gently washed away with Buffer F before imaging.

MinDE self-organisation assays

MinDE dynamics were reconstituted as previously described.*®
Briefly, a mixture of 1 uM MinD (doped with 30% EGFP-MinD),
2 UM MinE, and 5 mM ATP (from 100 mM ATP stock in 100 mM
MgCl,, pH 7.5) in buffer M was first prepared. The mixture was
then loaded onto the chambers to a final concentration of
0.5 pM MinD (doped with 30% EGFP-MinD), 1 uM MinE, and
2.5 mM ATP (i.e., to half the concentration) and incubated for at
least 30 min at room temperature (23 °C) before imaging.

2. Results and discussion

2.1. 3D laser lithography of microstructures

Engineering functional lipid-coated 3D geometries before a
possible in vitro reconstitution of membrane proteins involves
three main steps: (1) microfabrication of the 3D structures, (2)
surface modification of the polymers to specifically tune lipid-
polymer interactions, and (3) lipid deposition to prepare
supported lipid membranes (schematic shown in Fig. 1A). In
the microfabrication step, we performed a 4-dimensional
parameter sweep (laser power, scan speed, z-slicing and
xy-hatching), and analysed the outcome for quality by scanning
electron microscopy (SEM). All these parameters contribute to
the deposited energy density, which regulates the degree of
polymerisation. The slicing and hatching parameters with
respect to the polymerisation voxel (determined by the optical
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Fig. 1 (A) Schematic the of work flow. Microstructures are printed by
two-photon lithography. The microstructure surface is then modified to
promote lipid membrane fusion, and coated by a supported lipid
membrane. Afterwards, purified proteins are reconstituted in vitro. (B)
Chemical structures of (i) Ormocomp and (i) PETA, which allow SLB
formation, and (i) TPETA, which passivates against SLB formation. (C)
scanning electron microscopy images of beam structures printed with (left
to right) Ormocomp, PETA and TPETA at their near-optimum settings (see
Fig. S1 for a detailed parameter sweep, ESIt). Scale bar 50 pm.

set up, chemical composition, laser power and scan speed*’)
also affect the structure quality. For example, a very coarse
hatching with a small polymerisation voxel could lead to rough
surface quality as well as underexposure.

We printed rod-like structures (length 100 pm, and widths
2-10 pm), as a minimal complexity design to first test out our
printing parameters, (see Fig. S1 for parameter sweep, ESI}),
and we subsequently used them in our in vitro reconstitution
experiments. No stable structure could be printed below 2 pm
width. For each of the resists (chemical structures shown in
Fig. 1B), we found that the optimum writing conditions were:
Ormocomp (power 80% speed 10 000 pm slicing 0.1 pm hatching
0.5 pm), PETA (power 80% speed 10000 pm s * slicing 0.3 pm
hatching 0.1 pm) and TPETA (power 100% speed 10 000 pm s~ *
slicing 0.3 um hatching 0.1 pm), all with XY hatching at 90°
(perpendicular) to the axis of the rods (Fig. 1C). We found that
the dynamic range (range of parameters from where poly-
merisation starts to occur up to where resist explodes due to
overexposure) of Ormocomp is narrow compared to PETA and
TPETA. The narrow range of Ormocomp is consistent with
previously reported results,*® and could potentially be broadened
by use of additional photoinitiators.
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We also found that hatching at 90° (perpendicular) to the
axis of the beams provided much better results as compared to
hatching at 0° (parallel) to the axis (Fig. S2, ESIT). For structures
with high xy aspect ratios (length much longer compared to
width), the time taken between adjacent hatchlines is
much shorter with perpendicular hatching. Each hatchline is
immediately stabilised by the adjacent hatchline before it has
time to deform under gravity or drift, which resulted in much
more stable layers of print being formed.

2.2 Surface modification of polymers for membrane fusion

After the fabrication, we went on to coat the surfaces of our
printed structures with lipid membranes. Supported lipid
membranes can be formed by vesicle fusion,'® whereby an
attractive interaction between the lipid and the surface
promotes vesicles to rupture and spread on the surface. A more
detailed understanding of this process is extremely complex, as
it involves a large set of parameters on both the surface and the
membrane, including higher order molecular interactions,
charge density on both membrane and polymer surface, as well
as surface roughness.””*° However, we can gain qualitative
insights into the probable lipid behaviour by considering the
charge interaction between the lipid headgroups and the functional
groups on the polymer surface.”® Thus, by considering the
molecular structures, we formulated lipid-polymer combinations
that would form supported lipid bilayers (SLBs).

PETA has hydroxyl groups which can be deprotonated under
alkaline conditions (Fig. 1B). The presence of negative charges
on the surface promotes fusion of positively charged lipid
vesicles via direct electrostatic interaction. Ormocomp is a
commercially available polymer consisting of an organic/
inorganic (silica) hybrid network, in which hydroxyl groups
are also present. However, the detailed chemical composition is
undisclosed. Similar to PETA, these hydroxyl groups can also be
deprotonated at high pH, and thus likely a useful support for
membranes with an overall positive charge. In order to support
negative or neutrally charged lipids, deprotonated hydroxyl
groups on PETA and Ormocomp can often be bridged by
positively charged divalent ions such as calcium, which is also
commonly used to support negatively charged lipids on glass.>”

In addition to the native properties of the polymers, there is
a range of well-documented post-functionalisation methods for
Ormocomp.*>*® The presence of the inorganic backbone in its
chemical structure means that many treatments can be done
similarly to treating glass or silicon dioxide. It can first be
plasma-treated, which exposes more hydroxyl groups. This can
again be used to support positively charged membranes or be
bridged by divalent ions to support negative or neutral lipids.
Ormocomp can further be silanized, by which positively
charged amine groups are incorporated on the surface of the
material by (3-aminopropyl)triethoxysilane (APTES) treatment.>®
Hence, silanization allows negatively charged vesicles to fuse
with the surface. Note that oxygen plasma cannot be used with
Ormocomp, since it reacts with the inorganic component in the
polymer network and forms porous structures.> Hence, we have
several possibilities to manipulate charge interactions that

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Lipid interactions with polymer surfaces. (A) Functional groups on
the polymer surface promotes membrane fusion with positive or negative
lipid headgroups. (B) Homogeneous lipid membranes were formed by SUV
fusion. Fluidity of the SLB was measured by FRAP. Time lapse images of
FRAP, and the associated intensity trace, performed on Ormocomp with
APTES treatment with DOPC:DOPG lipids doped with 0.005 mol%
Atto655-DOPE. Scale bar 5 um (C) Bilayer verification on Ormocomp.
Membrane patches were prepared by fusing GUVs to the polymer surface.
The membrane height (4.7 = 0.7 nm) was measured by atomic force
microscopy. Scale bar 20 um, colour bar range 0-40 nm.

would favour fusion with vesicles of the desired lipid type with
PETA and Ormocomp (Fig. 2A).

TPETA, on the other hand, has PEG-like chains in their
structure, which is a known passivation agent against molecular
adhesion and adsorption,® and can also prevent vesicle fusion.
This passivating property of TPETA, when combined with the
lipophilic property PETA and Ormocomp, could allow us to print
composite structures, where we can selectively target membrane
supported regions. Thus, based on simple chemistry, we evaluated
multiple combinatorial scenarios to generate 3D membrane geo-
metries with desired membrane affinity.

These charge-based considerations do not only apply to the
materials investigated here, but could also be used as starting
points for forming membranes on any newly developed
material. As more and more photoresins are being developed
for 3D printing, materials with improved physical and chemical
properties would significantly widen the scope of our biological
research. For example, soft materials such as shape-shifting
hydrogels®® and protein-based hydrogels®> >’
create flexible and deformable structures, potentially enabling
us to investigate how cytoskeletal proteins deform membranes.
Materials with better optical properties are also crucial. With
fluorescence-based, dynamic imaging of biological samples,
the resolution and the image quality of membrane processes
rely heavily on refractive index matching between the sample

would allow us to
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and the surrounding medium. Materials such as CYTOP*® and
MyPolymer®® have similar refractive indices to water, which
would allow super-resolution imaging, and this would give us
the chance to probe biological samples at a higher level of detail.

2.3. Supported lipid membrane formation on polymer
surfaces

Next, we tested how well the different combinations of polymer
and surface modifications support lipid membranes of different
charges. We generated small unilamellar vesicles for vesicle
fusion at a high concentration of vesicles (with the amount of
lipid much greater than needed to completely cover all surfaces)
and deposited them on planar, spin-coated polymer surfaces.
Subsequently, we checked for homogeneous, fluid bilayers indi-
cative of continuous membranes with no defects by fluorescence
recovery after photobleaching (FRAP) of labelled lipids (Fig. 2B).
Diffusion coefficients are summarised in Table 1, and immobile
fractions in Table S1 (ESIY).

We found that for negative and neutrally charged lipids,
Ormocomp with plasma treatment and silanization, or with
divalent ion bridging, resulted in membranes with the highest
fluidity (0.6 + 0.4 um* s~ *), comparable to those of membranes on
the commonly employed substrate, glass (0.9 + 0.4 um* s~ *).%*¢"
Even though the fluidity of supported bilayers is typically slower
than those of free-standing bilayers (which can be up to
20 um? s*),%* the support does not significantly interfere with
biological functions of many membrane proteins, as shown in
previous studies.'®®® Untreated Ormocomp or PETA with
divalent ion bridging showed very little fluorescence recovery
in the timescale of our experiments, indicative of immobile
membranes. For positively charged lipids, Ormocomp with
plasma treatment, as well as untreated PETA, formed fluid
bilayers (Fig. S3, ESIf), whilst untreated Ormocomp formed
immobile membranes. On TPETA, supported lipid membranes
were not formed, indicated by the lack of fluorescence on the
polymer surface after vesicle deposition (Fig. S3, ESI¥).

Table 1 Lipid diffusion coefficients obtained from FRAP experiments on
supported membranes. Units in um? s~% Fluid bilayers are indicated in
bold, which have values comparable to or faster than those formed on
glass. Immobile bilayers are indicated in italics. Errors are standard
deviations calculated from 9 measurements (3 samples at 3 different
locations on the membrane each)

Negative/neutral charged lipids

Material ~ Surface modifications DOPC/DOPG  DOPC
Ormocomp Plasma + APTES 0.6 + 0.1 0.7 £ 0.4
Plasma + pH buffer + Ca*/ 0.6 £ 0.4 0.7 £ 0.3
Mg2+
pH buffer + Ca/Mg 0.2+0.05 0.1=£0.03

PETA pH buffer + Ca/Mg 0.006 % 0.0004 0.05 £ 0.003

Positive charged lipids

Material Surface modifications DOTAP

Ormocomp Plasma + pH buffer 2.3+ 13
pH buffer 0.3 £ 0.03

PETA PH buffer 1.1+ 0.1
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Having determined the fluidity of the respective membranes,
we confirmed whether the membrane was indeed a lipid bilayer
and not a lipid monolayer, as for the case of some other polymer-
supported membranes.*° For this, we prepared giant unilamellar
(GUVs), sized typically 5-20 pm, which form
large membrane patches when they fuse onto the surface. These
patches were individually imaged, by both fluorescence
microscopy and atomic force microscopy, which allowed us to
simultaneously verify the presence of the membrane patch, and
also to directly measure the membrane height.

We measured the height of the bilayer patch for Ormocomp
(4.7 £ 0.7 nm, Fig. 2C) and PETA (4.7 + 0.9 nm, Fig. S4, ESIY).
The error was calculated as a standard deviation from 3 cross-
sections taken from 2 independent bilayer patches (total 6
cross-sections). Typical lipid membranes with di-oleyl acyl-
chained lipids have an approximate thickness of 5 nm in
height.®* Both measurements are therefore well within the
height range of bilayers. When GUVs were deposited on TPETA,
GUVs did not rupture and remained intact, which was
confirmed by confocal microscopy (Fig. S5, ESIT).

We conclude that, on PETA and Ormocomp, lipid bilayers of
different charged lipids can be formed, with membrane fluidity
comparable to those formed on glass. In contrast, TPETA does
not support membrane formation, and passivates against
membrane fusion.

The processes we employed here to investigate membrane
formation can be applied to other material, surface modification
and lipid combinations that are more application specific. In
many cases, synthetic lipids are suitable mimics for natural
lipids - for example, most prokaryotic cell membranes are
negatively charged, and therefore, many bacterial protein sys-
tems can be reconstituted on membranes containing DOPG.>*
A wider variety of lipid species, such as PIP, or DOPS, could be
investigated to further extend the range of protein systems to be
recruited. Membranes could also be formed on polymer
cushions, e.g., polyethylene glycol (PEG)-silanes, and this would
allow the in vitro reconstitution of transmembrane proteins.*®®
Such investigations would support us to further improve the
biomimicry of our fabricated microenvironment.**”°

vesicles

2.4. Lipid patterning by composite printing

One of the most attractive features of engineering microenvir-
onments is the ability to spatially position molecules to mimic
the spatial order and organisation within a living cell. Having
found the polymer-lipid composition combinations that either
allow or passivate against vesicle fusion, we printed composite
structures that allowed selective membrane deposition. For
these structures, we utilised PETA and TPETA (without post-
modifications), where untreated PETA supports positively
charged membranes in alkaline conditions, whereas TPETA
passivates against them. We designed 10 um grids consisting
of PETA, with 10 um spacing, that were printed on top of a
planar TPETA surface.

We deposited labelled lipids (DOPC : DOTAP 7 : 3 molar ratio
doped with 5 mol% biotinylated lipid and 0.005 mol% Atto655-
DOPE) on these structures and observed lipid-dye fluorescence

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Lipid patterning by composite printing. (A) Schematics of (i) PETA
grids printed on TPETA surface and (ii) in vitro reconstitution of actin
filaments on patterned lipids. (B) FRAP experiment on membrane patches.
Membranes with labelled lipids (DOPC:DOTAP 7:3 molar ratio doped
with 5 mol% biotinylated lipid and 0.005 mol% Atto655-DOPE) were
formed on square-patterned PETA patches, where an entire square
(orange, top row) and a 2.5 um diameter circular region (blue, bottom
row) were subsequently bleached. Fluorescence intensity vs. time from
these regions are plotted with: bleached square (orange), unbleached
square (grey) and circular region (blue). (C) Confocal images of patterned
lipids and actin filaments after incubation with streptavidin. Its associated
intensity trace along the indicated line is plotted. Scale bar 10 pm.

only in the 10 um squares with 10 um spacing, indicating that
membranes formed only on the PETA surface (Fig. 3).

To assess the mobility of the lipids on these membrane
patches, we first bleached a single, entire square. This square
did not recover in fluorescence in the timescale of our experiments
(5 min), showing that the individual membrane patches are indeed
disconnected (Fig. 3B). We also bleached a smaller circular
region of 2.5 pm diameter within a membrane patch, and the
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fluorescence recovered with a diffusion coefficient of
1.3 £+ 0.8 um” s ', which is similar to the values obtained on
plane surfaces.

To demonstrate the utility of selective membrane deposition
for targeting specific molecules onto the membranes, we used
our previously developed minimal actin cortex.*® In this setup,
biotinylated lipids in the membrane are bound by streptavidin
that in turn recruit stabilised and biotinylated actin filaments.
We found that the streptavidin was selectively recruited to the
lipid patches and that the actin filaments accumulated in this
area (Fig. 3C). We also performed a control experiment, where
the membranes were not incubated with streptavidin before the
deposition of actin filaments (Fig. S6, ESIT). We observed that a
significantly reduced number of actin filaments were localized
on the membranous patches. We can still see a slightly
increased intensity on the membrane, as compared to the
surrounding regions, which can be attributed to the non-
specific binding of actin filaments with positively charged
lipids due to electrostatic forces.”"”>

Lastly, we performed a control on a planar PETA surface,
where streptavidin was reconstituted with and without the
formation of the lipid bilayer. As expected, we found that
streptavidin was detected on the surface only with the presence
of the lipids, excluding the possibility that they are simply
adsorbing on the PETA surface (Fig. S7, ESIT), but are selectively
recruited to the membranes by biotin-streptavidin coupling.

These results demonstrate that positive lipids can be
patterned by composite printing of PETA and TPETA, which
can further be employed to spatially pattern proteins.

2.5. Dynamic protein patterns on 3D microstructures

One of the major methodological advantages of 3D printing is
that we can produce full 3D shapes that are not simply extrusions
of 2D patterns. This added dimensionality gives us the
opportunity to engineer and systematically vary the surface to
volume ratio. This is a crucial parameter for reaction-diffusion
processes that involve membranes for confinement and as
catalytic surfaces, as peripheral membrane proteins attach to
the lipid surface, and detach and diffuse in the bulk volume. In
order to further explore this capability of our technique, we
investigated the E. coli MinDE system, which has been shown
in vivo to be a spatial regulator that positions the division ring
to midcell,”® and forms dynamic patterns when reconstituted
on supported lipid membranes in vitro.®*7*

Pattern formation of the E. coli MinDE system involves two
proteins: MinD and MinE. MinD forms a dimer in the presence
of ATP, upon which it attaches cooperatively to the membrane
(autocatalytic attachment). At higher local concentrations on
the membrane, it recruits MinE, which stimulates MinD’s
ATPase activity that triggers its detachment from the
membrane (catalytic detachment). This forms the basis for a
reaction-diffusion mechanism, where the two proteins cycle
between the bulk volume and the lipid surface, and is dynamically
regulated by biochemical reactions between them. The patterns
are therefore strongly dependent on geometry with different
surface to volume ratios. On planar surfaces with (quasi-) infinite
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bulk volume,* Min proteins form travelling waves; on patterned
(finite) surfaces with infinite bulk volume they produce directional
waves;”® and in confined, cylindrical geometry, they perform
pole-to-pole oscillations® that are also seen in vivo.”

In order to investigate MinDE’s geometry sensitivity in
more detail, we devised a selection of 3D lipid architectures.
As MInDE require negatively charged membranes for self-
organization,®> we printed structures with Ormocomp and
silanized them. A previous study on 2D patterned bilayers
showed that MinDE waves switch from directional waves on
long strips of membranes to more chaotic, spiral patterns when
the strip width increased.>* We wanted to observe whether
MinDE patterns would respond in a similar fashion in 3D.
Therefore, we first designed rod-like structures (Fig. 4B), and
increased the width in the mid-section of the rod from 10 to
50 um, thereby providing larger surface area for the available
volume.

When we reconstituted the MinDE proteins in vitro, they
formed traveling wave patterns on the structures with qualitatively
different behaviours. For the 10 pm rod, waves travelled
directionally along the axis, assimilating 1D waves. As we
increased the width, we found that at 20 um, the pattern
resembled the spiral/chaotic patterns often seen on planar surface
assays (Fig. 4C, D and Fig. S8, Movie 1, ESIT). The kymographs
taken along the axis of the rods also reveal that the waves travel
unidirectionally along the rod for narrow widths; whereas for the
20 um case, the waves travel outwards from the centre of the
spiral. Other wave properties are similar to previously reported
experiments: the measured period (1-2 min) and wavelength

A MinD A:.\ nE .
Recruitment . A
ATP Triggered
Detachment P
Autocatalytic i
Attachment ﬂ Lipid Membrane:

Spiral

Fig. 4 MinDE dynamic self-organisation on 3D structures. (A) Schematic
of MinDE molecular mechanism. (B) SEM images of printed structures.
(C) Confocal images of dynamic patterns on the structures (from left to
right, 10 pm, 20 pm, 50 pm widths), seen from the bottom of the
structures. Images from the top and their 4D reconstructions are shown
in Fig. S8 and Movie 1 (ESI). (D) Kymograph of pattern taken along the axis
of rods. Scale bar 20 pm horizontal, 4 min vertical.
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Fig. 5 Visualization of MinDE dynamic patterns on complex structures
(Movie 2, ESIf). (A) SEM images of printed structures. (B) 3D view and
(C) Top view of Min patterns on structures. Lipids are visualized in red, and
MinD in cyan. The patterns were imaged as a 3D time lapse on a spinning
disk confocal microscope, and processed using a custom written Fiji script.
Scale bar 100 pm.

(~40 pm) compare well with previous studies on bilayers (period
0.6-2 min, wavelength 50~110 pm).”* Since the width of the 10 um
rod is much smaller than the typical wavelength of the waves, the
waves are spatially confined to travel along the long axis. This
effect has previously been seen on 2D-patterned membranes,>*"*°
as well as in vivo by moulding bacteria into shapes.”

In order to demonstrate the complexity of membrane
morphology that could be obtained with this method, we
designed a single spiral, a multi-spiral and a fractal tree that
we coated with lipids. We then reconstituted MinDE proteins
in vitro to show that the membranes retain functionality even at
such complex shapes. To capture the full 4D information
resulting from the Min dynamics on the 3D structures, we
turned to spinning disk confocal microscopy. The fast frame
rates (typically <100 ms, compared to ~1 s for a confocal
laser scanning microscope) allowed us to record 3D Z-stacks
(50-60 slices at 2-3 um intervals) at sufficient temporal
resolution (10 s) (Fig. 5, Movie 2, ESIf). On both the single
and the multi-spiral structures, the waves travel linearly on
each of the rods, similarly to the horizontal rod. The waves on
the fractal tree become more chaotic, due to the high density of
branches that complexify the bulk-to-surface ratio, but an
overall directionality of waves travelling from the central stem
to the outside branches can still be visually confirmed.

With the toolbox developed here, we can now explore much
more complex 3D geometries, which will allow us to investigate
this behaviour in more detail. For example, MinDE do not only
form traveling waves, but exhibits many more patterns such as
quasi-stationary patterns’® that so far have only been observed
in quasi-infinite plane and bulk volume assays. Recent
theoretical analysis of the MinDE system has reported that
the pattern formation of MinDE heavily depends on the surface
to volume coupling, suggestive of even richer and partly
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unexplored MinDE pattern formation.””””® In addition to their
role as the spatial indicators of the E. coli midcell, MinDE waves
have also been shown to position and transport biologically
unrelated membrane-bound molecules by non-specific
interactions.®” The directionality of MinDE waves on rods
demonstrated here could be exploited to specifically guide
MinDE waves and thereby transport arbitrary molecules on
membrane surfaces to a desired location. Taken together, this
promises fascinating further developments in many directions:
the practical toolbox introduced here, theoretical modelling of
Min dynamics in three dimensions, as well as the computational
tools that allow 4D image analysis,”*"®! which are all required to
investigate these questions further.

Together with the recent advances in cell-free protein recon-
stitution in vitro, the 3D printed structures demonstrated here
can be used to template biological membranes and significantly
expands the toolkit for bottom-up synthetic biology. Although
self-assembly and self-organization of functional biomolecules
have been shown to partly reproduce subcellular structures, the
morphological complexity of cells and organelles can still be
much more efficiently addressed by additionally employing
cutting-edge microengineering technology. ~Membranous
structures like the endoplasmic reticulum, or the invaginations
in the mitochondria are systems where the membrane area per
reaction volume is carefully and actively regulated, and such
structures can be the target of a systematic investigation. Our
work can be considered a starting point for the further 3D
engineering of lipid-polymer interactions using multiple lipid
types, materials with greater deformability and compositional
complexity, and by miniaturisation of printed materials.
Biochemical investigations in such biomimetic 3D geometries
shed new insights into molecular mechanisms of proteins and
open up new applications in bioengineering, with an added
dimensionality to the conventional 2D fabrication techniques.

Conclusions

In this work, we have introduced a novel method to fabricate
microenvironments for investigations of protein-lipid interactions
modulated by geometry. In order to obtain structures at
biologically relevant length scales, we employed 2-photon direct
laser writing to 3D print micron-sized structures from PETA,
TPETA and Ormocomp. We showed that supported lipid
membranes can be formed on PETA and Ormocomp, whilst
TPETA passivates. By utilising these properties and incorporating
them as a composite structure, membranes as well as
membrane-associated proteins can be spatially patterned.
Engineering surface to volume ratios on the micrometer scale,
our method enables fabrication of true 3D geometries to study
the dependence of protein self-organization through reaction-
diffusion, in particular the MinDE system from E. coli, on
membrane morphology, as visualised through 4D image
analysis. We recapitulate the striking transition from regular
to more turbid wave fronts as soon as membrane dimensions
exceed the scale of the wavelength in a particular direction,
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indicating how tightly this protein system is adapted to a
specific spatial setting within rod-like cells.
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Supplementary Information

Membrane-coated 3D architectures for bottom-up synthetic biology

Hiromune Eto, Henri G. Franquelim, Michael Heymann & Petra. Schwille*
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Figure S1. Sweep of writing parameters on rod-like structures. The photoresist was drop-cast onto a coverslip
and the 3D microscaffolds were printed with Zeiss LCI "Plan-Neofluar" 25x/0.8 objective with an oil immersion.
Optimum settings were: Ormocomp (power 80 % speed 10000 pum slicing 0.1 um hatching 0.5 pm), PETA
(power 80 % speed 10000 pums™? slicing 0.3 um hatching 0.1 um) and TPETA (power 100 % speed 10000 pms*
slicing 0.3 um hatching 0.1 um). SEM images at these conditions are shown in Figure 1.
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Figure 2. (A) Scanning electron microscopy images of rod-like structures with xy hatching at 0° (parallel) to
beam axis. They were printed at the following settings: Ormocomp (power 80 % speed 10000 ums™? slicing 0.1
um hatching 0.3 um), PETA (power 80 % speed 10000 pums™ slicing 0.1 um hatching 0.3 um) and TPETA (power
90 % speed 10000 ums slicing 0.1 um hatching 0.3 um). Scale bar 50 um. (B) Schematic representing direction
of xy hatching with respect to the beam axis.

§

Figure S3. (Left) FRAP measurement on PETA. SLB was formed in pH buffer with DOPC:DOTAP lipids doped
with 0.005 mol % Atto655-DOPE. Fluorescence recovery confirms bilayer fluidity. (Right) TPETA surface after
vesicle deposition, taken with the same laser settings (power 5%, pinhole 90 um, gain 750, pixel dwell 1.58 ps).
Absence of fluorescence indicates the lack of bilayer formation. Scale bar 5 pm.
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Figure S4. Bilayer verification on PETA. Membrane patches were prepared by fusing GUVs to the polymer

surface. The membrane height (4.7+0.9 um) was measured by atomic force microscopy.Scale bar 20 um,
colour bar range 0-10 nm.

DOPC/DOPG DOPC DOPC/DOTAP

Figure S5. GUV deposition on plane TPETA. GUVs do not fuse upon contact with the surface. Instead, intact

spherical GUVs can be observed nested on the surface, which were imaged at an equatorial cross section.
Scale bar 40 um.
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Figure S6. Fluorescence image of actin filaments on patterned lipids without streptavidin incubation, and its
associated intensity trace. Actin filaments weakly localise on lipid patches due to weak electrostatic interaction
of the filaments and the positively charged lipids. Scale bar 10 um.

Figure S7. Dye-conjugated streptavidin on (left) PETA with biotin-doped membrane and (right) PETA without
membrane, taken with the same laser settings (power 0.5%, pinhole 90 um, gain 550, pixel dwell 1.58 ps). Lack
of fluorescence on PETA without membrane indicates that the biotin-doped membrane is necessary for
streptavidin recruitment onto the surface. Scale bar 10 um.
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Chaotic

Figure S8. Confocal images of dynamic patterns on the structures (from left to right, 10 um, 20 um,
50 um widths), seen from the top of the structures. (B) Kymograph of pattern taken along the axis of
rods. Scale bar 20 um horizontal, 4 min vertical.
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Table S1. Mobile fraction obtained from FRAP experiments. Units are in %. Fluid bilayers are indicated in blue.
Immobile bilayers are indicated in red. Errors are standard deviations calculated from 9 measurements (3
samples at 3 different locations on the membrane each).

Negative/neutral charged lipids

Material Surface modifications DOPC/DOPG DOPC
Ormocomp Plasma + APTES 98+2 9743
Plasma + pH buffer + Ca?*/Mg?* 97+2 98+2
Ph buffer + Ca/Mg 9243 8343
PETA Ph buffer + Ca/Mg 39+5 51+5

Positive charged lipids

Material Surface modifications DOTAP

Ormocomp Plasma + pH buffer 98+2
pH Buffer 9143

PETA pH buffer 97+1

Movie 1. Confocal images of dynamic MinDE patterns on 10-50 um rod structures, seen from top (top row),
bottom (middle row) and 4D reconstructions (bottom row). Freeze-frames shown in Figure 4 and S8.

Movie 2. 4D reconstruction of MinDE dynamic patterns on (A) single spiral, (B) multi-spiral, (C) fractal tree.
Lipids are visualized in red, MinD in cyan. Freeze-frames shown in Figure 5. Scale bar 100 um.
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6.4 Dendrimersome synthetic cells harbor the cell division machinery of bacteria

The fourth and final section of this chapter investigates how membranes themselves
can be synthetically engineered so that more flexible and stable free-standing lipid
bilayer systems can be created. Lipid vesicles are often employed as a model membrane
system that suitably mimics cellular conditions in vitro, as they assimilate cells in their
size, overall shape and their ability to encapsulate reaction volumes inside a lipid
bilayer membrane [39]. However, they are notoriously unstable, and deformations
away from their spherical geometry is a challenge that has not yet been conclusively
solved [29].

Here, I turned to dendrimers, which is a class of synthetic molecules that mimic
lipids in terms of their self-assembly into bilayers, as well as their membrane fluidity
and thickness [103, 118]. They characteristically contain a benzene ring between the
hydrophilic head and the fatty acid chains, which not only assists in their modularity
during synthesis, but also promotes pi-pi stacking between adjacent dendrimer
molecules, thus improving the stability of formed membranes. With the addition of a
phosphate group and a further glycerol group, we synthesized dendrimers de novo that
are negatively charged, and showed that dendrimer vesicles, or “dendrimersomes”
are a suitable alternative to lipids for reconstituting membrane associating proteins,
such as MinDE and FtsZ, in vitro. This paves the way for further investigations based
on shape deformation as well as attempts towards the synthetic division of vesicles,
which was previously impossible due to the low stability of lipid vesicles.

The section is the result of a collaboration between Anna Wagner, Anton Joseph,
Mariia Vorobii and Cesar Rodriguez-Emmenegger (DWI-Leibniz Institute for Interac-
tive Materials, Germany), as well as Shunshi Kohyama from the Schwille Lab. H.E.,
M.V, PS. and C.R.E. conceived the project. H.E. and A.-W. performed all Min protein
in vitro reconstitution experiments. A.J. synthesized the dendrimers. H.E., A.W. and
S.K. performed encapsulation experiments in droplets and vesicles and analysed the
data.

6.4.1 Introduction

One of the ultimate goals of synthetic biology is to design and recreate a fully
synthetic protocell from the bottom up. Such artificial cells should contain key
aspects of biological behaviour, such as compartmentalisation, transport of molecules,
metabolism, growth, and ideally, reproduction: cell division is one of the hallmark
events of life, and is one of the most intriguing phenomena exhibited by a living cell.

The strategy to recapitulate such behaviours includes encapsulating components
of the active cell machinery into synthetic cell-like compartments. The most prominent
methods involve the use of liposomes, which are lipid bilayer compartments that
mimic cells in their size as well as providing basic biochemical functionalities, as many
proteins function at the lipid membrane interface [116]. In these systems, reconstitution
of some of the minimal components of cell division has been demonstrated. A notable
example of this is the E. coli Min system, which are the spatial indicators of the midcell
of these bacteria [84]. They self-organise into dynamic patterns, whose behaviour is
delicately governed by the interplay between the diffusion and kinetic rates of the
molecules between the vesicle lumen and the lipid membrane. FtsZ proteins, which
forms a protoring that is positioned by the Min system to recruit further proteins in
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the divisome, also self-assemble into filaments when anchored onto the membrane. In
this regard, liposomes are suitable model membrane systems to recapitulate protein
behaviour in an in vitro setting.

However, liposomes are severely limited in their application for advanced functions
for the following reasons. Lipids are chemically unstable, since many lipids contain
unsaturated fatty acid chains that are prone to oxidation. They are also mechanically
unstable, and any deformation away from their spherical, equilibrium shape has
been a technically challenging [29]. This is a critial problem that limits further use
of liposomes in the study of membrane deformations, including the division of a
synthetic protocell.

We therefore turned to reengineering the membrane itself to improve the stability
of these vesicles. Dendrimers have caught recent attention as a class of synthetic
molecules that mimic lipids, not only in their basic chemical make up, since they have
a hydrophilic head and a hydrophobic tail, but also in the fact that they self-assemble
into fluid bilayer membranes [103, 118]. They typically contain a benzene ring within
their hydrophobic region, which not only assists in the modularity of their functional
components during synthesis, but also promotes pi-pi stacking between adjacent
dendrimer molecules, thus improving the stability of formed membranes.

Protein-membrane interactions, however, can be complex. The association and
dissociation of Min proteins from the membrane, as an example, is mediated by the
insertion of their membrane targeting sequence [119, 120]. This often requires the
correct functional groups present at the right quantities in order to trigger the normal
behaviour of proteins. In order to create a suitable synthetic mimic of the lipid bilayer,
its biophysical properties, such as membrane thickness and lateral mobility, as well as
its biochemical functionalities must be finely tuned.

In this work, we synthesized dendrimer molecules de novo, first with a zwitterionic
phosphoryl choline head group with a 12-carbon fatty acid chain length, and second
with an additional glycerol group to add a net negative charge to the molecule (Fig
6.3). These new dendrimers co-assemble into bilayer membranes that mimic lipids
in their bilayer height, fluidity and net negative charge, which is crucial for many
bacterial proteins to function, including the Min and FtsZ proteins.

We rigorously tested the biomimicry of dendrimer membranes by forming a
variety of model membrane systems: supported membranes, water-in-oil droplets
and vesicles, and observed their interaction with the E. coli MinDE system. Not only
did they form dynamic patterns, but they also showed remarkably similar behaviour
to on lipid membranes. We also co-encapsulated Min and FtsZ proteins in dendrimer
vesicles, where FtsZ filaments were spatially regulated by Min proteins. We therefore
demonstrate that our dendrimer membrane is a functional analogy to the lipid bilayer,
with a superior stability that make them suitable for future applications in studying
membrane deformation.

JDPC JDPG

P U P OH 0\/\/\/\/\/\/
\?/\/Ow'o\/Q HO\)\/Q P'O\/Q
“| d%e 0NN é%o O N NN

Figure 6.3. Chemical structures of JDPC and JDPG.
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6.4.2 Methods
PREPARATION OF SUPPORTED BILAYER MEMBRANES

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA), unless
otherwise stated. Dendrimers were synthesized and provided by A.]J. To prepare
SUVs, lipids were first dissolved in chloroform, with DOPC:DOPG:Atto655-DOPE
(Atto-TEC GmbH, Siegen, Germany) in 7:3:0.005 molar ratio, whereas dendrimers
were first dissolved in methanol with JDPC:JDPG:Atto655-DOPE (Atto-TEC GmbH,
Siegen, Germany) in 7:3:0.005 molar ratio, unless otherwise stated. The solvent
(chloroform/methanol) were dried under a nitrogen stream, and vials were placed in
a desiccator to remove residual solvent for at least 2 h. Afterwards, lipids/dendrimers
were rehydrated in Buffer M (25 mM Tris-HCl, 150 mM KCI, 5 mM MgCl,, pH 7.5) to
a concentration of 4 mgml™.

A chamber was constructed from a cut 0.5 ml eppendorf tube glued onto a glass
coverslip (as in Fig 6.1b). The glass coverslips are best cleaned by rinsing with ethanol
and water, before gluing on the eppendorf tube. These chambers were then plasma
treated with oxygen at 50 % power, flow rate 0.3 sccm for 40 s (model Zepto, Diener
Electronic). SUVs were added to the chamber, and after 3 min incubation at 37 °C on
a heating block, the supported bilayer membrane was gently washed with a total of 2
ml buffer S (25 mM Tris-HCl, 150 mM KCl, pH 7.5) to remove excess vesicles.

Fruorescence Microscory

All images were taken on a Zeiss LSM780 confocal laser scanning microscope using a
Zeiss C-Apochromat x40/1.20 water-immersion objective (Carl Zeiss AG, Oberkochen,
Germany), except for water-in-oil droplets, which were imaged with a x20 air objective.
EGFP-MinD and mCherry-MinC was excited using a 488 nm argon laser, FtsZ-YFP-mts
by the 561nm and Atto655-DOPE by the 633 nm HeNe laser. Obtained images were
processed using Fiji [111].

FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING

On supported bilayer membranes, a circular spot of 5 pm diameter was illuminated
with full laser power for 0.82s (50 iterations on the Zen Black software (Carl Zeiss AG,
Oberkochen, Germany)), and the average fluorescence intensity was recorded every
second for 100s. Measurements were taken at room temperature (23 °C). Intensity in
a second area of the same dimensions was recorded in the same field of view, in order
to correct for the intensity drift. The intensity trace was fit to the equation derived by
Soumpasis [112].

27‘(’[[)
De t

27p
t

27Tp
f(t) = (10((7) + I1((

Here, 1p is the characteristic timescale for diffusion, and t is the time. f(t) is the
normalized fluorescence, and Iy and I; are modified Bessel functions. The diffusion
timescale for a bleached spot of radius ris 1p = 2 /4D with D the diffusion coefficient.

A custom script written in Python was used for curve fitting and data analysis.

106



CHAPTER 6. From 2D 10 3D: PATTERNING MEMBRANES TO STUDY MINDE DYNAMICS

SELF-ORGANISATION ON SUPPORTED BILAYER MEMBRANES

Self-organization assays were performed essentially as described in detail in [95]. In
short, they were performed on preformed supported membranes in 200 1l of Buffer M
(25 mM Tris-HCl pH 7.5, 150 mM KCl, 5 mM MgCly), with 2.5 mM Mg-ATP (stock: 100
mM ATP, in 100 mM MgCl, adjusted to pH 7.5) and at a constant room temperature
of 23 °C. MinD was typically used at 1 pM (0.3 pM EGFP-MinD, 0.7 pM MinD) with 1
1M His-MinE, unless otherwise stated.

ENCAPSULATION INTO DROPLETS

To prepare the dendrimer-oil mixture, 10 mg/ml JDPC and JDPG are mixed in
methanol at 7:3 ratio in a glass vial to a volume of 125 pl. The solvent is dried under
nitrogen gas and then redissolved in 20 pl of n-decane while slowly shaking the
glass vial. The resultant mixture is further mixed with 500 ul of Mineral oil (Carl
Roth) (to 2.5 mg/ml of final dendrimer concentration). The dendrimer-oil mixture is
subsequently vortexed for 1 min to homogenize the dendrimers in the mineral oil.

To encapsulate MinDE proteins inside droplets, 2 nl of the reaction mixture,
consisting of 1 tM His-MinD (doped with 30 % His-EGFP-MinD), 0.5 pM His-MinE,
30 mg/ml BSA (Sigma-Aldrich) in reaction buffer (50 mM Tris-HCI pH 7.5, 150 mM
GluK, and 5 mM GluMg), is added to 100 pl of dendrimer-oil mixture in a 0.6 ml tube.
Subsequently, the mixture is emulsified by tapping the tube. An observation slide for
microscopy is constructed by sticking an 18 x 18 mm glass coverslip (Menzel) on top
of a 24 x 50 mm glass coverslip (Menzel) using thin strips of double-sided tape, which
act as spacers. The droplet solution is injected into the thin space between the two
coverslips, which fills up the space by capillary action.

ENCAPSULATION INTO VESICLES

The reaction mixture for vesicle encapsulation is composed of MinD, MinE, BSA, ATP
at the same ratio as in droplet encapsulation, with additional 300 mM of sucrose to
obtain higher density in the inner solution. In case of co-encapsulation with FtsZ,
0.5 pM mCherry-MinC, 2 uM FtsZ-YFP-mts, and 2.5 mM GTP are supplemented into
the reaction mixture. In the outer solution, 330 mM glucose is added to the reaction
buffer (same as droplets) to match the osmolarity of the inner solution.

500 ul of the outer solution is added to a 1.5 ml tube, and then topped up by 200 pl
of the dendrimer-oil solution, which is gently dripped on top of the outer solution. In
the meantime, 5 pl of the reaction mixture is added to 250 ul of dendrimer-oil mixture
in a 1.5 ml tube and emulsified by tapping. 200 y1l of this droplet solution is added to
the dendrimer-oil phase of multi-layered solution.

Dendrimersomes are formed by centrifugation of the tube at 10,000 x g for 30 s, at
room temperature. After centrifugation, the oil phase is discarded by pipetting and
dendrimersomes are collected from the aqueous phase. The dendrimersome solution
was transferred to 384-well glass bottom chamber. The glass surface of the chamber is
passivated with 50 pl of 10 mg/mL BSA solution for 10 min and then washed with
100 pl of reaction buffer before usage.
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6.4.3 Results
FORMATION OF SUPPORTED DENDRIMER BILAYER MEMBRANES

In order to systematically explore the robustness of interaction between Min system
and fully synthetic dendrimer membranes, we turned to supported bilayer membranes.
On this model membrane system, Min pattern formation has been extensively explored
[88, 92,93, 121], and serves an ideal platform to compare their behaviour to the lipid
membrane.

Supported membranes on solid supports, such as glass, can be formed by vesi-
cle fusion [122], whereby an attractive interaction between the headgroups of the
amphiphilic molecule and the substrate surface promotes vesicles to rupture and
spread on the surface. To do this, we generated small unilamellar vesicles at a high
concentration (with the amount of membrane much greater than needed to completely
cover all surfaces) and deposited them on a planar, plasma treated glass surface.
Here, the plasma treatment exposes hydroxyl groups on the glass surface, making
it hydrophilic with a net negative charge, and these charges can be bridged by the
presence of divalent cations (such as Mg?* or Ca®") in the buffer to promote the
attractive electrostatic interaction between the surface and the dendrimer headgroups.

After the formation of supported bilayer membranes by vesicle deposition, we
checked for homogeneous, fluid bilayers indicative of continuous membranes with no
defects by Fluorescence recovery after photobleaching (FRAP) (Fig 6.4). Across the
range of membrane compositions that we investigated (JDPG 0-40 %), the diffusion
coefficient varied from 1.7 - 2.7 pm?s~!, which is very similar to those measured
for lipids (DOPG 0-40 %) that ranged from 1.0-2.7 pm?s~. This is also consistent
with previously reported values of lipid membranes on glass [113, 114]. Their
measured mobile fraction (0.97-1.02) is also high, indicative of a highly mobile
membrane. Notably, the diffusion coefficient for lower PG content (ratio of JDPC:JDPG
or DOPC:DOPG) tended to be higher than those for higher PG content. Here, the
lack of net negative charge on the membrane results in a lower attraction to the
substrate, and so the molecules can diffuse faster. Importantly, this trend is seen for
both dendrimer and lipid membranes. Thus, our results indicate that we were able to
form homogeneous, continuous bilayers with membrane fluidity analogous to those
of lipid membranes.

MiNDE PROTEINS FORM DYNAMIC SELF-ORGANISATION PATTERNS ON SUPPORTED DENDRIMER
MEMBRANES

A crucial aspect of mimicking membranes is to provide the correct biochemical
functionality, such as charge, and biophysical parameters, such as membrane thickness
and fluidity, to allow proteins to interact. For reaction-diffusion processes that involve
membranes as catalytic surfaces, their pattern formation depends critically on such
parameters, since it is the rates at which they bind and unbind to/from the membrane,
as well as their rates of diffusion on the membrane and in the bulk, that governs their
self-organisation behaviour. In order to further interrogate the functional biomimicry
of our dendrimer membranes, we employed the E. coli MinDE system, which has
been shown in vivo to be a spatial regulator that positions the division ring to midcell
[84], and forms dynamic patterns when reconstituted on supported lipid membranes
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Figure 6.4. Fluidity of supported dendrimer and lipid membranes. Diffusion coefficients
from FRAP experiments with varying JDPC:JDPC ratio (left) and DOPC:DOPG ratio (right).

in vitro.

Pattern formation of the E. coli MinDE system involves two proteins: MinD and
MinE. MinD forms a dimer in the presence of ATP, upon which it attaches cooperatively
to the membrane (autocatalytic attachment). At higher local concentrations on the
membrane, it recruits MinE, which stimulates MinD’s ATPase activity that triggers its
detachment from the membrane (catalytic detachment). This forms the basis for a
reaction-diffusion mechanism, where the two proteins cycle between the bulk volume
and the lipid surface, and is dynamically regulated by biochemical reactions between
them. Their patterns are therefore delicately governed by the interaction parameters
between the protein and the membrane, and requires dendrimers to have a high level
of biomimicry for Min proteins to function.

To see whether MinDE proteins form dynamic patterns, we reconstituted them in a
range of protein conditions that typically form travelling wave patterns on supported
lipid membranes. Keeping the MinD concentration at 1 M, we swept through MinE
concentrations from 0.5 to 5 pM. Remarkably, these proteins self-organised on our
dendrimer membranes into dynamic travelling waves that not only qualitatively
resembled patterns on lipid membranes, but also quantitatively (Fig 6.5). With
increasing MinE concentration, the wave bandwidth decreased from around 100 pm
to 30 pm, which is expected, since a higher concentration of MinE triggers faster
detachment of MinD from the membrane. Wave velocity also increased from 0.8 pm/s
to 1.9 pm/s for dendrimers, which was a steeper trend than for lipid membranes that
increased from 1.2 pm/s to 2.6 pm/s. The overall trend, however, is still consistent
with previously reported results [93].

Furthermore, in order to test whether the negatively charges are indeed necessary
components of the membrane for MinDE pattern formation, we formed supported
membranes with different fractions of JDPG (0-40%). Here, we see from our fluo-
rescence intensity that with increading JDPG fraction, there is increasing binding
of MinD to the membrane, and below 10% JDPG, there is no detectable pattern
formation. MinD bandwidth as well as wave velocity also decreases with increasing
JDPG content, because of MinD’s increasing affinity to the membrane. This is again
consistent with our measurements on lipid membranes as well as with previously
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reported results [93].

EncarsuLaTION OF MINDE PROTEINS IN DROPLETS AND VESICLES

In order to move closer to a synthetic cell, we then employed water-in-oil droplets
as the simplest conceivable 3D mimic of cells, where we can compartmentalise Min
protein oscillations in a membranous environment. In such confined systems, the
surface to volume ratio of membrane to bulk reaction volume is drastically different
to those on a supported bilayer membrane on a planar surface. This is known to give
rise to different modes of oscillations, and reported patterns in lipid droplets include
"pulsing”, "travelling" and "pole-to-pole".

When we reconstituted MinDE proteins inside dendrimer droplets, we observed
the modes of dynamic oscillations as expected for lipid droplets (Fig A.2). The
oscillation periods are variable for the different modes of oscillations, ranging from 30
s in pulsing modes to 80 s in travelling modes. This range of periods is, however, also
consistent with lipid droplets and can vary between the different modes of oscillation
[99].

Next, we proceeded to encapsulate MinDE inside dendrimer vesicles, or den-
drimersomes, which provides a bilayer interface that better resembles the biological
cell. We formed these vesicles using an emulsion transfer method, and when we
encapulated the proteins inside these compartmentalised cellular mimics, they reca-
pitulated the "pulsing”, "travelling" and "pole-to-pole" modes of oscillation as expected
for lipid vesicles (Fig 6.6). Again, the period ranged from 50 s in pulsing modes to 60 s
in travelling modes, although the variation between the modes is less than compared
to droplets. These values also fall within the range of previously demonstrated results
in lipid vesicles [100].

Co-eENcAaPSULATION OF MINCDE AND F1sZ PROTEINS IN DENDRIMERSOMES

To move closer to the construction of a synthetic protocell, we then co-encapsulated
multiple components of the bacterial cell division machinery: FtsZ proteins that
polymerise to form the Z-ring, as well as the MinCDE system, which includes the
MinC protein as the negative regulator of FtsZ polymerisation in addition to the
pattern forming MinDE system [82]. Here, we used the FtsZ-mts fusion protein, which
localise on the membrane in the absence of additional anchoring proteins FtsA and
ZipA [123]. When we reconstituted the protein systems inside dendrimersomes, FtsZ
polymerised into bundles, while Min proteins formed oscillations as expected from
independent reconstitution experiments [29, 100]. We also observed that the position
of FtsZ bundles were anti-correlated with MinC/D maxima, thereby recapitulating
MinC’s negative regulation of FtsZ filament formation inside our encapsulated system
(Fig 6.7).

These results suggest a high degree of similarity in biochemical functionality
between dendrimersomes and lipid vesicles. Key behaviours of reconstituted systems
were successfully recapitulated on dendrimer membranes. We therefore demonstrated
that dendrimersomes can be considered a potential alternative model membrane
system with a superior mechanical stability that can bring us closer to the synthetic
division of a protocell.
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Figure 6.5. MinDE self-organisation patterns on supported dendrimer membranes. a)
Patterns with increasing MinE concentration, MinD 1 pM. Graphs showing wave bandwidth
(left) and wave velocity (right) against MinE concentration. b) Patterns with increasing
PG content in the supported membranes, 1 ptM MinD, 1 pM MinE. Graphs showing wave
bandwidth (left) and wave velocity (right) against PG content in the membrane.
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Figure 6.6. Encapsulation of MinDE inside dendrimersomes. MinDE displaying pulsing,
pole-to-pole and travelling oscillations. Kymographs were taken along the indicated white

dotted line, and intensity traces from the indicated ROI in the coloured boxes. MinD 1 pM (30
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Figure 6.7. Co-encapsulation of MinCDE and FtsZ proteins in dendrimersomes. Maximum
intensity projection of dendrimersomes with labelled MinC (cyan) and FtsZ (magenta).
Timelapse images (left) and the kymograph (right) taken from the indicated white dotted
line shows that FtsZ counter-oscillate with MinC. 0.5 ptM mCherry-MinC, 2 pM FtsZ-YFP-mts,
MinD 1 pM, MinE 0.5 pM. Scale bar 5 pm.

112



Development of protein-based hydrogels for
4D bioprinting

7.1 PusLicatioN P4: Shaping Giant Membrane Vesicles in 3D-Printed Protein Hy-
drogel Cages

The previous chapter demonstrated that microfabrication provides an effective strategy
to mimic certain features of living entities, such as the sculpting of membranes into
stable shapes and geometries relevant for protein function. Cellular as well as higher
order structures, however, are highly dynamic, and are often actively regulated
to perform mechanical work by transforming their shape. A prevalent challenge,
therefore, is the construction of dynamic and controllable structures from biological
materials as a platform technology to study related protein dynamics.

To tackle this challenge, I turned to 3D printing; in particular, two-photon based
laser lithography of protein based hydrogels, since relevant biomolecules can be
directly structured into soft, actuatable 3D shapes [62]. Their high spatial resolution
also allows the printing of structures on the length scales of microns that are relevant
to many biological processes. BSA based hydrogels are of particular interest, since
they form stable, yet flexible 3D printed structures with Young’s moduli in the
physiological range (10 kPa - 2 MPa) [67]. Functionally modified BSA is also available,
notably biotinylated BSA, which can be incorporated into the printed structures, and
this allows further recruitment of biomolecules through biotin-streptavidin coupling,
thus widening the scope of their applications [64].

In the associated publication P4, we applied this technology to selectively trap
GUVs within a customized 3D printed BSA hydrogel structure. The lipid vesicle
is a model membrane system already explored in Chapter 5, which constitute the
basis for the engineering of advanced protocells and should ideally be subject to
defined shape transformations. Since BSA-based hydrogels are known to swell at high
pH [72], we used these shape-shifting structures to compress vesicles into different
shapes upon pH stimuli. Through such reversible shape changes, we were also able to
observe changes in the oscillation modes of MinDE self-organisation according to the
shape that they were conformed into. Thus, we present 3D printing as an alternative
method to externally trigger shape deformation of lipid vesicles to study their effects
on encapsulated protein systems. This provides a platform technology that allows us
to investigate how such synthetic cells react to and interact with external mechanical
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deformations, and to probe the functionality of reconstituted cellular modules in
bottom-up synthetic biology.

114



CHAPTER 7. DEVELOPMENT OF PROTEIN-BASED HYDROGELS FOR 4D BIOPRINTING

Shaping Giant Membrane Vesicles in
3D-Printed Protein Hydrogel Cages

Haiyang Jia, Thomas Litschel, Michael Heymann, Hiromune Eto, Henri G.
Franquelim, and Petra Schwille

Author contributions:

H.J., M.H., and PS. conceived the study. H.J. performed all experiments. H.E.and M.H.
optimised the BSA printing and designed the structures. H.G.F contributed to the
experiments with phase separated vesicles. T.L. performed MinDE encapsulation in
vesicles. All authors discussed and interpreted the results and revised the manuscript.

published in

Small (2020), 16, 27, 1906259

Reprinted from [124] under the Creative Commons Attribution 4.0 International License

(see https://creativecommons.org/licenses/by/4.0/)

115



CHAPTER 7. DEVELOPMENT OF PROTEIN-BASED HYDROGELS FOR 4D BIOPRINTING

FULL PAPER

'.) Check for updates

small

www.small-journal.com

Shaping Giant Membrane Vesicles in 3D-Printed Protein

Hydrogel Cages

Haiyang Jia, Thomas Litschel, Michael Heymann, Hiromune Eto, Henri G. Franquelim,

and Petra Schwille*

Giant unilamellar phospholipid vesicles are attractive starting points for
constructing minimal living cells from the bottom-up. Their membranes are
compatible with many physiologically functional modules and act as selec-
tive barriers, while retaining a high morphological flexibility. However, their
spherical shape renders them rather inappropriate to study phenomena that
are based on distinct cell shape and polarity, such as cell division. Here, a
microscale device based on 3D printed protein hydrogel is introduced to
induce pH-stimulated reversible shape changes in trapped vesicles without
compromising their free-standing membranes. Deformations of spheres to
at least twice their aspect ratio, but also toward unusual quadratic or trian-
gular shapes can be accomplished. Mechanical force induced by the cages to
phase-separated membrane vesicles can lead to spontaneous shape deforma-
tions, from the recurrent formation of dumbbells with curved necks between
domains to full budding of membrane domains as separate vesicles. More-

on the other hand.P¥! In order to accomplish
large-scale biomimetic behavior and realize
the vision of a fully functional synthetic cell,
a large number of cutting-edge tools or tech-
nologies inspired by nanotechnology and
material science have been developed and
favorably employed."! With regard to pro-
viding a maximally biocompatible and bio-
mimetic compartment as a first step toward
a cell-like reaction space, giant unilamellar
vesicles (GUVs) composed of phospholipids
have in the past years gained great atten-
tion.’!l' GUV membranes mimic cellular
membranes in many relevant aspects, their
lipid composition can be tuned over a wide
range,® they can be supported by a minimal
cortex,”) and even large transmembrane pro-

over, shape-tunable vesicles are particularly desirable when reconstituting
geometry-sensitive protein networks, such as reaction-diffusion systems. In
particular, vesicle shape changes allow to switch between different modes
of self-organized protein oscillations within, and thus, to influence reaction

networks directly by external mechanical cues.

1. Introduction

Bottom-up reconstitution of well-characterized functional bioma-
terials, such as molecular entities, parts, and modules, with the
final goal of constructing a synthetic cell, is a fascinating variant
of Synthetic Biology.!! Although this goal may not easily be within
reach in the next years and potentially decades, cell-free reconsti-
tution of fundamental biological functions has interesting impli-
cations for research on the origin of life? on one hand, and may
open up new potential applications from medicine to technology
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teins can be reconstituted into them.®l How-
ever, many advanced protein functionalities
like cell division, differentiation, migration,
and signaling require the establishment of
spatial anisotropy, or in other words, polari-
zation,”) which is hard to realize in spherical
vesicles. In particular, reconstituted bacterial
cell division machineries that are supposed
to ultimately induce controlled vesicle splitting have been shown
to require elongated geometries with distinct symmetry axes.!'%
Thus, developing ways for a controlled deformation of GUVs
into desired shapes, resulting in an anisotropic membrane or
a polar physical microenvironment, will greatly improve our
toolbox for the bottom-up reconstitution of biological functionality
toward a synthetic cell. So far, several methods to template mem-
brane vesicles and induce anisotropic structure in vitro have been
developed, like microfluidics,'!) micropipette aspiration, optical
tweezers, and dielectrophoretic field cages.'? However, most of
them require sophisticated technology or are unable to dynami-
cally control the membrane geometry in a well-defined, i.e., pre-
cise and programmable, manner. On the other hand, cell biology-
derived tools like 2D micropatterning,*l hydrogels in 3D-printed
microchannels,** and 3D soft lithography of hydrogel have
been successfully applied to control interfacial geometry in order
to define the extracellular environment. Since the development
of 3D printing technology, rationally designed 3D objects can
be produced from various materials on different scales. In this
context, stimuli-responsive hydrogels, which can cycle between
expanded and condensed states in response to environmental trig-
gers (e.g., pH, ionic strength), could constitute an attractive mate-
rial for 3D or 4D Printing."®) In fact, pH-responsive Bovine serum
albumin (BSA) hydrogels are already widely used to fabricate 3D

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Concept of 3D-printed protein hydrogel trapping and tem-
plating giant vesicles (GUVs).

tissue scaffolds!'”l and generating smart 4D stimuli-responsive
microactuators.'18]

Here, we varied and expanded this technology toward the goal
of selectively trapping GUVs within a customized 3D printed
BSA hydrogel chip, and dynamically inducing structural ani-
sotropy by applying external pH stimuli to the gel. The basic
working principle is illustrated in Figure 1. 3D printed protein
hydrogel can be designed as microchambers in appropriate sizes
for capturing GUVs. The variable protein hydrogel structure acts
as a geometrical cue to establish synthetic cell polarity in vitro
by compressing vesicles into different shapes upon pH stimuli.
This spatially well-defined microenvironment can mimic the
dynamic native cell matrix, allowing us to investigate how syn-
thetic cells react to and interact with external mechanical cues.

2. Results and Discussion

GUVs themselves can be generated either by electroforma-
tion, gentle hydration of dehydrated lipids, inverted emulsion
transfer, or by microfluidic jetting. Procedures to handle these
delicate objects are still not consummate.*) They encompass
sedimentation with high-density fluids, immobilization on
functionalized surfaces,?”) manipulation by micropipette aspi-
ration,?!] or microfluidic systems.'2 As an alternative, but
still being compatible with these established protocols, our 3D
BSA protein hydrogel GUVs traps were fabricated in a layer-
by-layer procedure via two-photon polymerization process,
using Rose bengal as the photoinitiator for BSA monomers
(Scheme S1, Supporting Information). In contrast to other trap-
ping approaches, surface functionalization for avoiding GUV-
surface adhesion is not required for the 3D printed hydrogel
chips. The electroformed GUVs filled with high-density solu-
tion, like sucrose, can spontaneously sink down into the
hydrogel microchambers. Trapping in the chambers prevents
GUVs from being flushed away and from being mechanically
deformed by applied flow. To rationally design a trap that can
be easily adapted to different sizes of GUVs, we chose a simple
module consisting of a solid cube (14 x 14 x 14 pm) extrude-
cut by half-cylinders (Diameter: 10 um) on both sides
(Figure S3a, Supporting Information). These GUV traps were
then arranged into a 10 x 10-module array. By controlling the
distance of rows and columns in the array, we can generate two
different types of trap chips: individual traps, or group traps.
With 1 um distance for both rows and columns, the individual
trap chip can be used to capture GUVs one by one within 81
separated cylinder wells (Figure 2a; and Figure S1a, Supporting
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Information). The GUVs here utilized were obtained through
electroformation,??)  composed of DOPC(1,2-dioleoyl-sn-
glycero-3-phosphocholine) and doped with 0.5 mol% Atto655-
DOPE(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) for
fluorescence detection. By extending the row distance to
15 pm, groups of GUVs can be trapped between two full rows
(Figure 2b; and Figure S1b, Supporting Information), in order
to manipulate many vesicles at once, or to enforce their com-
munications and interactions. The sizes of GUVs to be trapped
depend on the diameters or distances, respectively (Figure 2c).
GUVs with diameters larger than the gap distance are filtered
out. The selective trapping of GUVs by the hydrogel chip, either
as individuals or in groups, allows their size to be roughly con-
trolled, as a first criterion toward establishing geometric anisot-
ropy of vesicles.

In addition to allowing for a flexible size-filtering design, BSA
hydrogel also shows great potential in generating smart pH stim-
uli-responsive microdevices that can be used to dynamically mimic
the native cellular microenvironment in vitro. The isoelectric point
of BSA is close to pH 5, where a protein has no net charge and
fewer ion-dipole interactions. Therefore, the structures absorb
less water than at higher pH and thus cover the smallest area
at pH 5.%%23 Due to the larger number of ionized amino acids
in BSA, swelling of the structures can be induced at higher pH.
However, precisely controlling pH can be difficult. To improve
controllability, the swelling capability can be effectively tuned by
fabrication parameters, such as slicing distance (layer distance),
laser power, and laser scan speed, as shown in Figure 3; and
Figure S2 (Supporting Information). The area swelling ratios of
14 X 14 x 15 um cubes can be tuned from 1.1 to 1.7 (Figure 3b—d).
A larger slicing distance results in lower crosslinking density and
allows more water to enter inside the hydrogel, which in turn
increases the swelling ability. Similarly, lower laser power also
increases the swelling ratio to 1.7 (Figure 3c), but loses the spatial
resolution of printing. Because of the lower crosslinking degree
under low laser power, the structures printed at 30 mW laser
power are =30% larger than when printed at 50 mW (Figure S2d,
Supporting Information). When varying the scan speed, struc-
tures at pH between 5 and 8 have weak swelling capability and
the maximal swelling ratio at pH 11 can only reach a factor of
1.5 (Figure 3d).

The controllable swelling ratios of 3D printed hydrogel
structures enable a programmable templating of GUV
geometries with pH-stimuli responsive GUVs traps. Due
to the swelling effect of the traps, the total structure occu-
pies a larger volume, which should in turn shrink the free
inner volume of the chambers. The swelling behavior of a
square-frame trap was first investigated. It was designed by
extruding cut 15 x 15 x 15um square wells in the center of
45 x 45 x 15um cuboid (Figure 3e). The hydrogel frame can
swell 1.57 + 0.15 fold (mean * s.d.) at pH 11 compared to pH
5; however, no shrinking of the inner area was observed. The
potential reason is the increased surface tension at the inner
side of the hydrogel frame, scaling inversely with radius. To
improve the design toward a truly contractible and at the same
time anisotropic trap, the structure was divided into eight
separate small rectangular modules (Figure 3f). Allowing
2 um distance between the modules in the relaxed state should
support swelling in all directions. Because there exists no

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. 3D-printed protein hydrogel chips filtering and trapping different-sized vesicles. a) Chip design for trapping individual GUVs, scale bar
20 pum. Left (top): All microchambers were integrated in one chip. Left (bottom): top view. Right: trapping individual GUVs in separated hydrogel cham-
bers. b) Chip design for group trapping, scale bar 20 um. Left (top): The chip was combined with separated units as barriers with certain distance. Left
(bottom): top view. Right: trapping GUVs in between the hydrogel barriers. c) 3D printed hydrogel traps as GUV filters with different row distances. n:

number of trapped GUV numbers. D: distance.

physical connection between the module surfaces as in the
previous design, the section area of the inner free space could
be decreased to 75% (+2.2%) in the swollen state when the pH
was changed from 5 to 11 (Figure 3f, bottom right). Another
advantage of the modular design is that the distance between
the modules can be varied, in order to accommodate a larger
growth regime and anisotropic compression. Small distances
may lead to surface contact between the modules during
swelling, which induces shape changes and restricts the overall
compression effect (Figure S4, Supporting Information).

In order to evaluate the mechanical effects that can be
obtained Dby vesicle compression, the pH stimuli-responsive
hydrogel chambers were now applied to deform trapped mem-
brane vesicles. The basic module of the group trap can swell
in both x- and y- directions and thus occupies free space
between modules after shifting pH from 5 to 11 (Figure 4a).
In the rows, the distance between the modules was signifi-
cantly reduced. Perpendicularly to this, two neighboring mod-
ules fused to yield a lens-shaped well, but with larger diameter
than the half-cylinder at pHS. The channels between the indi-
vidual barriers were also narrowed to about 50% (Figure 4a).
In response to the pH stimuli, the hydrogel can process fast
swelling within 1 min, supporting a dynamic mimicry of the
cell microenvironment in vitro (Figure 4b; and Movie S1, Sup-
porting Information). The trapped GUVs were now investi-
gated by optical microscopy (Figure 4c). After shifting the pH
to 11, the spherical vesicles were compressed by the closing
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walls, flattening them and forcing them into nonspherical sym-
metry (Figure 4d,e). The distance between the two rows was
11.97 + 0.34 pm at pH 11, so that vesicles larger than =12 pm
in diameter were compressed. With increasing confinement
under swelling conditions over a time course of 6 min, the cur-
vature became anisotropic, with flat areas facing the hydrogel
and increased curvatures in the free zone (Figure 4d). At the
same time, the membrane tension was increased, due to the
loss of spherical symmetry and volume conservation, which
imposes some constraints on the aspect ratio o (length vs
width) of the vesicles that can be reached by this procedure
without compromising membrane integrity. An aspect ratio of
up to about twofold (length vs width) could, however, be easily
reached by this setup (Figure S5, Supporting Information).
Importantly, the hydrogel swelling is reversible, and the vesicle
shapes can thus be switched between spherical and elongated
by alternating between the two pH values (Figure 4e).
Furthermore, different designs of the hydrogel structures
allow us to induce unusual shapes of the GUVs, and thus,
membrane geometries, by varying the contact zones between
the hydrogel and the vesicles. The cylindrical chip was designed
by extruding a cylinder (diameter, 15 um) in the center of a cube
(20 x 20 x 20 um) (Figure 5a; and Figure S3d, Supporting Infor-
mation). Then the cube with the cylindrical well was quartered.
This chip was used to trap vesicles of =15 um diameter. When
the pH was increased from 5 to 11, the four separated modules
swelled centripetally and compressed the captured membrane

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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vesicle. The area of the cross-section was reduced, in turn the
height was increased. Similarly, with alternative designs, GUVs
can be deformed to other shapes like cross prisms, cubes, and
triangular prisms (Figure 5b,c). Due to the surface tension of
membrane vesicles, the templated cross-prismatic, cubic, and
triangular prismatic vesicles all formed curved corners and
spherical domes.

Having shown that GUVs can not only be reversibly com-
pressed, but also molded into arbitrary nonspherical shapes by
our laser-printed BSA pH-responsive hydrogel structures, we
next aim to demonstrate how these mechanical constraints may

Small 2020, 16, 1906259 1906259 (4 of 10)

influence membrane structure and dynamics in the shaped
vesicles. In particular, GUVs have long been used to eluci-
date the molecular details of lipid phase separation; however,
their usually spherical symmetry and isotropic structure have
significantly limited the comparability of these model mem-
branes with biological ones. In physiological environments,
cells acquire and maintain spatial and functional asymmetry of
their plasma membranel? in response to external mechanical
cues. Similarly, in model membrane systems exhibiting vis-
ible lipid domains enriched in cholesterol and saturated lipids,
strong correlations between membrane composition and 3D

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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vesicle shape could be observed, which suggest that, in turn,
mechanical constraints will lead to significant membrane
transformations.?+2°]

The phase-separated GUVs we investigated in our stimuli-
responsive hydrogel cages consisted of ternary lipid mixtures
composed of cholesterol (Ch), sphingomyelin (SM), and the
unsaturated phospholipid DOPC, with a molar ratio of 2:2:1 at
room temperature.?®) The mixture can separate into two coex-
isting membrane phases: a liquid-ordered phase (L,) enriched
in SM and Ch; and a liquid-disordered (L4) phase consisting
primarily of DOPC. To discriminate between the L, and L4
phases by fluorescence microscopy, we used 0.3%NBD-DSPE
and 0.2% Atto655-DOPE, respectively. The spherical phase-sep-
arated GUVs were trapped in the triangular prismatic hydrogel

Small 2020, 16, 1906259 1906259 (5 of 10)

chips (Figure S3c, Supporting Information). When the GUVs
were compressed by the swelling hydrogel chamber under pH
stimuli, the vesicles deformed to fit the diminished inner area,
often accompanied by a large-scale reorganization and fusion
of the domains on their membrane surface (Figure S6, Sup-
porting Information). In several cases, particularly for vesi-
cles with large domains, the spherical vesicle was transiently
deformed upon compression into a dumbbell geometry, due to
line tension between Ly—Ly domains,*”! acquiring a clear curved
neck at the domain boundary. Typically, the dumbbell-shaped
phase-separated vesicle then rotated within the contracted
hydrogel cavity, in order to adapt the space change and relax
back into a spherical (yet compacted) energetically favorable
shape (Figure 6b; and Figure S7, Movie S2 for top view of 3D
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Figure 5. Various 3D hydrogel designs for templating DOPC vesicles into different shapes: a) cylinder, b) cross prism, c) cube, d) triangular prism.
The schemes in the first row show the 3D geometries of trap wells. Below the schemes are the top views of the chips in response to different pH, scale
bar 5 pm. Third row from top: confocal imaging of the middle cross-section of vesicles, scale bar 5 um. The bottom two rows represent the 3D z-stack

reconstitution of different geometrical vesicles.

imaging, and Movie S3 for orthogonal view, Supporting Infor-
mation). Occasionally, however, the compression led to the fis-
sion of a Lo domain away from the trapped GUV membrane
(i-e., budding as a way to overcome line tension,?® ultimately
changing the overall membrane composition of the remaining
“mother” vesicle (Figure 6¢; and Movie S4, Supporting Infor-
mation). In the control experiment without the swelling traps,
no triggered deformation events were detected upon pH change
from 5 to 11 (Figure S8, Supporting Information). Thus, the
ability to exert gentle but significant mechanical pressure on
GUVs in our custom-designed protein hydrogel cages opens
up a new way of manipulating vesicle model systems, inducing
features that could be of great relevance in the design of cel-
lular mimicries, such as shape and differential membrane cur-
vature, respectively, tension.

The surface geometry that determines membrane dynamics
also affects the spatiotemporal patterns and oscillations formed
by reaction-diffusion systems.?) A striking example of a reac-
tion-diffusion system is the Min protein system, consisting of
the proteins MinC, MinD, and MinE, which oscillate between
the cell poles and spatially position the bacterial cell division
machinery in Escherichia coli.?9) In vitro reconstitution of the

Small 2020, 16, 1906259 1906259 (6 of 10)

Min system on micropatterned surfaces or in microcompart-
ments has shown that the geometry of the boundaries plays
a pivotal role in its pattern formation and pace-making.'*31]
Recently, the Min system has been encapsulated into 3D
spherical compartments, motivated by the long-term goal of
creating a self-reproducible synthetic cell.’?l Unlike in vivo,
this reconstituted reaction-diffusion system reveals several
distinct oscillation modes, namely pulsing oscillations, pole-
to-pole oscillations, and circling and trigger waves.??" Causes
for such diverse behaviors are differences in protein concentra-
tion, vesicle size, proteins ratio, or the isotropic geometry. Here,
we used the 3D hydrogel shaped vesicles to demonstrate how
the anisotropy of microenvironment influences the reaction-
diffusion system.

We encapsulated the oscillating Min system (MinD
(50% EGFP-MinD) & MinE) in negatively charged GUVs
(DOPC:DOPG(1,2-dielaidoyl-sn-glycero-3-phospho-(1’-rac-glyc-
erol); molar ratio, 4:1) with an inverted emulsion method (cDICE
method®)). Subsequently, the vesicles were trapped within the
hydrogel chips. Similar to what has been reported before,*2)
the majority of the uncompressed vesicles was showing pulsing
oscillations, for which all proteins simultaneously oscillate

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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between the vesicle lumen and the inner membrane leaflet
(Figure 7a). After the pH change from 5 to 11, vesicles that did
not get deformed by the hydrogel structures, approximately
maintained the oscillation frequency (Figure [*<)). Since the
electrical gradient across the vesicle membrane restricts proton
transfer to the inside, intact vesicles showed minor and slow
changes of the pH in the vesicle lumen.* This minor change

Small 2020, 16, 1906259 1906259 (7 of 10)

can be buffered away by the chosen buffer system. However, for
vesicles that were compressed due to the hydrogel swelling, we
observed an increase in oscillation frequency compared to their
uncompressed state (Figure 7d—f; and Movie S5, Supporting
Information). We suspect a correlation to the resulting change
in aspect ratio of the vesicles (Figure S9, Supporting Informa-
tion). Larger aspect ratios result in shorter diffusion paths from
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vesicle lumen to vesicle membrane and could explain a shorter ~ could also affect the affinity of Min proteins to lipid bilayer
period of oscillation. On the other hand, membrane vesicle  and, consequently, alter the reaction diffusion rates. Indeed, in

compression leads to changes in membrane tension, which  vitro reconstitution revealed that a reduced membrane affinity
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of Min proteins results in faster traveling waves.*>! As tense
membranes resist the deformation, compressed vesicles would
display an increasing membrane tension when compared to
uncompressed spherical vesicles. Many studies have shown that
protein—-membrane interactions are strongly inhibited at high
membrane tension.’®l Thus, to evaluate this hypothesis, only
MinD was encapsulated inside GUVs. Indeed, the compres-
sion of vesicles with the swelling hydrogel reduced the overall
binding of MinD to the membranes (Figure S10a, Supporting
Information). This result could be corroborated, as similar find-
ings were observed in trapped vesicles under increased mem-
brane tension undergoing a hypotonic shock (Figure S10b,
Supporting Information).

Intriguingly, besides the changes in oscillation frequency,
in some cases we observed that the oscillation mode tran-
sitioned into a different mode in response to the change in
geometry. Figure 7g—i; and Movie S6 (Supporting Informa-
tion) show a vesicle that initially exhibited pole-to-pole oscilla-
tions, in which the maximum protein concentration alternates
between the two opposing membrane poles of the vesicle.
Upon hydrogel swelling and thus vesicle compression, the
protein oscillation switched to a different mode, which was
previously described as circling waves:*23%] the protein still
is only bound to a small region on the membrane at a time,
but now continuously revolves, i.e., “circles,” on the inside
surface of the vesicle. Thus, we showed that dynamically reg-
ulating the anisotropy of spherical vesicles with pH-stimuli
3D hydrogel chip provides us with new mechanical cues for
the investigation of reaction-diffusion systems in 3D artificial
microenvironments.

3. Conclusion

We have developed a new toolbox for mechanical manipulation
of GUVs—model membrane vesicles that constitute the basis
for the engineering of advanced protocells and that should ide-
ally be subject to defined shape transformations. This is par-
ticularly desirable when reconstituting membrane polarity- or
shape-dependent protein systems, such as bacterial cell divi-
sion machineries that request explicitly nonspherical geom-
etries.'% Our hydrogel devices are based on custom-printed
BSA protein that can be switched by pH, and are thus fully bio-
compatible. Their dimensions are limited only by the optical
resolution of the two-photon laser used for printing. We dem-
onstrated that the swelling ratio depends on the laser power
used for printing, such that even more complex designs with
differential volume expansion could in principle be realized.
This opens up a fully new way of using GUVs as custom-made
platforms to probe the functionality of reconstituted cellular
modules in bottom-up synthetic biology. Our technique thus
opens up exciting potential applications for synthetic cell and
tissue engineering.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Experimental Procedures

Preparation of BSA Solution

4.2g bovine serum albumin (BSA) (Lyophilized powder, A7030, Sigma Aldrich) and 1.62 mL
of DMSO (18v/v%) were added to 20 mM HEPES buffer to make up a total volume of 9 mL
solution. The mixture was centrifuged (20000g) for 15min to remove impurities and foam
before use. 85mM rose bengal (Sigma Aldrich, 330000) was prepared separated. The BSA
photoresist (420g L™) was prepared by mixing BSA resin and rose bengal at the ratio of
9:1vlv.

3D BSA Hydrogel printing

3D BSA hydrogel printing was processed with the Nanoscribe Photonic Professional
(Nanoscribe GmbH). 3D structures were design with Solidwork. The parameters were defined
with Describe. If without specifying, the following parameters were used, laser power: 50mW
(100%), scan speed: 30000um s*, slicing distance: 0.5um, hatching distance: 0.2um. All
structures were printed with 63x NAL1.4 objective in silicone isolator chamber (Thermo Fisher
Scientific, 0717104) pasted on round glass coverslip (Diameter= 30mm, thickness #1.5).
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During printing, the chambers were covered a small coverslip to avoid strong evaporation.
After fabrication, structures were rinsed with Phosphate Buffered Saline (PBS) buffer (pH7)
to remove the excess BSA resin and photoresist.

Swelling Studies

Five repeat free-form solid cuboids (14x14x15um) with slicing distance 0.2-0.8um were
fabricated with different laser power (30mW-50mW) and scan speed (10000-30000um s™).
The swelling of structures were observed at different pHs (5-11) using confocal microscope.
Structures swelling were studied from low pH to high pH. Structures were equilibrated in
different pH solution for 10 minutes before they were transferred for imaging. Areas of the
cubes were measure with Fiji (Analyze particles). Then the swelling ratios were calculation as
ApnlAghs, where A means area. Confocal imaging was performed on a commercial Zeiss LSM
780 laser scanning microscope, using a water immersion objective (C-Apochromat, 40 x
11.2W, Zeiss). Samples were excited with the 561 nm laser.

GUVs preparation

Giant unilamellar vesicles (GUVs) were produced by electroformation in PTFE chambers
with Pt electrodes according to the published protocol™ with minor changes. Six microliter
of lipid mixture (Img/mL in chloroform) was spread onto two Pt wires and dried in a
desiccator for 30 min. The chamber was filled with 350uL of an aqueous solution of sucrose
(~ 300mOsm kg™). An AC electric field of 1.5 V (RMS) was applied at a frequency of 10Hz
for 1.5h, followed by 2Hz for 0.25 h. Unless otherwise stated, vesicles composed of DOPC,
containing additional 0.5mol% Atto655-DOPE, were electroformed in an aqueous solution of
sucrose iso-osmolar compared to imaging buffer (~ 300mOsm kg™). For the phase separation,
GUVs were prepared from mixtures of DOPC, SM (18:0), and cholesterol (2:2:1) plus
0.2mol% Atto655-DOPE and 0.3mol%NBD-DSPE.

GUVs trapping and shaping

3D structures were exchanged into pH5 PBS buffer (~294mOsm kg™) for 10min. Then, 20 uL
or more of the GUV suspension (without-diluted) were added on top of the printed structures
in the imaging chambers. Samples were incubated for at least 0.5 h at room temperature. After
GUVs sinking down and diffusing inside the traps, samples were transferred for imaging.
Then, samples were gently equilibrated into pH11 PBS buffer for 10min to reach the maximal

swelling. The deformation of the trapped GUVs were imaged with confocal microscopy. To

2
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avoid bursting the GUVs during deformation, the osmolality of pH11 PBS buffer (~307mOsm

kg™) was slightly higher than sucrose solution inside GUVs.

Min oscillation in vesicles

1. Proteins

The plasmids for the expression of His-MinD®!, His-EGFP-MinD™ and His-MinE?® have
been described previously. His-MinD, His-EGFP-MinD and His-MinE were purified
according to the published protocols. In brief, proteins were expressed in E. coli BL21 (DE3)
pLysS and further were purified via Ni-NTA affinity purification. Then proteins were further
purified using gel filtration chromatography in storage buffer (50mM HEPES, pH 7.25,
150mM KCI, 10% Glycerol, 0.1mM EDTA). Proteins were quick-frozen and stored in
aliquots at -80°C until further use.

2. Proteins Encapsulation in vesicles

Min system was encapsulated in vesicles by emulsion transfer (the cDICE method™™)
according to the published protocol™. Briefly, both inner and outer solution contain Min
protein buffer (25mM tris-HCI (pH 7.5), 150mMKCI and 5mM MgCl2). In addition, the
solution encapsulated in the GUVs contained 1.5uM MinD, 1.5uM eGFP-MinD, 3uM MinE,
SmM ATP, v/v 15% iodixanol (from OptiPrep™, Sigma Aldrich) and an oxygen scavenger
system (3.7U ml? pyranose oxidase, 90U/ml catalase, 0.8% glucose. Osmolarity of
encapsulated solution was about 560mOsm kg™, measured with Fiske® Micro-Osmometer
Model 210). As the GUV-surrounding solution, Min protein reaction buffer and 200 mM

glucose were used to match the osmolarity of the inner solution.

The lipid we used is DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids,
Inc.) and DOPG (1,2-Dioleoyl-sn-glycero-3-phosphoglycerol, Avanti Polar Lipids, Inc.)
(Both 25mg ml™ in chloroform) in a ratio of 4:1. The lipids were mixed in a silicon oil (5

¢ST) and mineral oil (sigma-aldrich. M5904) mixture (ratio, 4:1).

Then the inner solution was loaded into a 1 mL syringe, which was then placed into a syringe
pump system (neMESY'S base 120 with neMESYS 290N) and connected through tubing to a
glass capillary (100um inner diameter). 700ul of outer solution was pipetted into a spinning

cDICE chamber, followed by approximately 5ml of the lipid-in-oil mixture. The capillary tip
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was then immersed in the oil phase and the inner phase injected at a flow rate of 50pl h™ for

15 minutes. The vesicles were withdrawn from the cDICE chamber with a micropipette.

Supplement figures
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ey
20 pm

Figure S1. Overviews of the GUVs trapped in a.) The individual trap chip (22x 25 array) and
b.) The group trap chip (11 channels), scale bar 50um. GUVs were produced with DOPC and
labelled with 0.5mol% Atto655-DOPE.
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Figure S2. pH-dependent swelling of 3D printed cubic hydrogels fabricated with different
fabrication parameters a.) pH responsive swelling of hydrogel cube with different slicing
distances from 0.2 to 0.8pum (Laser power: 50mW, Scan speed: 30000um s™), scale bar 10pm.
b.) relative area of structures printed with different slicing distance at pH7. The slicing
distance will not influence printing size of the structures. c.) pH responsive swelling of
hydrogel cube with different laser power from 30 to 50mW (Slicing distance: 0.5um, Scan
speed: 30000pm s™). d.) Relative area of structures printed with different laser power at pH7.

Printing with laser power lower than 40mW increased structure size. e.) pH responsive
6
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swelling of hydrogel cube with different laser scan speed from 10000 to 30000um s™ (Slicing
distance: 0.5um; laser power: SOmW). f.) Relative area of structures printed with different
scan speed at pH7. The relative area calculated with A/A,, where Ao means the area of
structure printed with fabrication parameters (Slicing distance: 0.5pum, Laser power: 50mW,
Scan speed: 30000pm s™%).
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Figure S3. Schematic designs and dimensions of 3D protein hydrogel traps a.) Individual
traps with 10x10 array in Fig. 1la. and group traps in Fig. 1b ,c, Fig.3 . b. and Fig.6.) Cubic
traps with a 10x10 array in Fig.2f and Fig. 4. c.) Triangular prismatic traps with a 10x10 array
in Fig. 4 and Fig. 5. d.) 10x10 cylindrical traps array in Fig. 4. If without specifying, all the
structures used in this research are freestanding designs with pillars as supports (Diameters

2um, Height 2um)
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Figure S4. Distances between modules influence structure swelling capability. a.) pH
responsive swelling of cubic traps with different distances between modules, scale bar, 10um.
b.) Area swelling of different regions in the cubic trap with different distances, when pH was
changed from 5 to 11. Module b and c are freestanding structures with pillar supports. Module

a were cuboid without pillar supports.

Figure S5. Swelling hydrogel compressing GUVs with different aspect ratios o (width
compared to length), scale bar 10um. The deformation of GUVs were processed in the group
trap chip. Due to the size difference, GUVs with different aspect ratio can be obtained from

the swelling compression. * GUV (Diameter>15um) trapped in the chip had been compressed

at pHS.
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Figure S6. Dynamic lipid domain fusion and reorganization adapting to the space-induced

membrane deformation, Scale bar, 10um. Top: confocal imagines of middle plane of the
vesicle. Bottom: top view of the 3D z-stack reconstitution. The numbers show the domain
numbers of L, and Ly phase. GUVs were produced from DOPC:SM:cholesterol (2:2:1). GUV

in the images was labelled with Atto655-DOPE (blue).

Figure S7. Dynamic membrane domain reorganization under pH-induced compression in the
hydrogel chambers, scale bar Sum. GUVs were produced from DOPC:SM:cholesterol (2:2:1)
and labelled with NBD-DSPE(green) and Atto655-DOPE (red). The top views of 3D images

were compiled from Z-stack confocal images with ZEN software.

Control:
without traps  pH5 pH11

..

Figure S8. Free standing phase-separated GUVs upon pH stimuli, scale bar, 10um. GUV in
the images was labelled NBD-DSPE (green) and Atto655-DOPE (red).
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Figure S9. Pulsing oscillation acceleration during vesicles compression (1.5uM MinD,
1.5uM eGFP-MinD, 3uM MinE, 5mM ATP). Pulsing frequency change versus aspect ratio
(W/H) change of vesicles that were before- and after- compressed.
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Figure S10. a.) Vesicle compression could oppose Min protein binding (1.5uM MinD). b.)
MinD-membrane interaction under hypotonic and isotonic condition. To generate the
hypotonic shock, the outer solution osmolality was increased about 20mOsm by adding water
in the surrounding buffer. Scale bar, Sum. The white dash lines show the position for radial
plot profiles.
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Supplement Movies

Supplement Movie S1. pH responsive swelling of group trap, when pH was shift from 5 to 11.
Supplement Movie S2. Dynamic membrane phase separation and reorganization in pH-stimuli
3D hydrogel chamber (top view)

Supplement Movie S3. Dynamic membrane phase separation and reorganization in pH-stimuli
3D hydrogel chamber (orthogonal view)

Supplement Movie S4. Membrane budding driven by the space compression of the pH-stimuli
3D hydrogel chambers (top view)

Supplement Movie S5. Pulsing oscillation acceleration during vesicles compression
Supplement Movie S6. Min oscillation modes transition from pole-to-pole to circling.

References

[1] A. Khmelinskaia, H. G. Franquelim, E. P. Petrov, P. Schwille, J. Phys. D 2016, 49,
194001.

[2] M. Loose, E. Fischer-Friedrich, J. Ries, K. Kruse, P. Schwille, Science 2008, 320, 789.

[3] K. Zieske, J. Schweizer, P. Schwille, FEBS letters 2014, 588, 2545.

[4] M. Abkarian, E. Loiseau, G. Massiera, Soft Matter 2011, 7, 4610.

[5] T. Litschel, B. Ramm, R. Maas, M. Heymann, P. Schwille, Angew Chem. Int. Ed.
Engl.2018, 57, 16286.

12

138






CHAPTER 7. DEVELOPMENT OF PROTEIN-BASED HYDROGELS FOR 4D BIOPRINTING

140



Other applications of microfabrication

8.1 Microwells for upright imaging of bacteria

In this section, I applied microfabrication techniques to aid the super-resolution
imaging of the divisome in Bascillus subtillis. In particular, I employed two-photon
laser lithography as an alternative to standard 2D photolithography to fabricate a
master template for downstream soft lithography. Here, two-photon direct laser
writing (2PP-DLW) proved a useful tool for fabricating objects with high aspect
ratios with easy preparation methods, without the need for the pre- or post-baking
of photoresists. High resolutions, with features sizes of down to a micron, can be
achieved [125], which is necessary for making structures relevant to bacteria with
typical dimensions of 1 ym in width 3 pm in length. Using these 3D printed structures
as a template, I employed soft lithography to make microwells in PDMS, which were
used to "house" bacteria in their upright positions for super-resolution imaging. With
increased resolution in the xy-plane as opposed to the z-direction, features that lie
perpendicular to the axis of these cylindrical cells, such as the Z-ring, can be imaged
at higher spatial resolution, and therefore greatly improves imaging quality.

The results of this section is a collaboration between Kimberley Cramer and Ralf
Jungmann (Max Planck Institute of Biochemistry). H.E. fabricated the microwells.
K.C. prepared the cells for imaging. H.E. and K.C. trapped cells in microwells and
imaged the cells.

8.1.1 Introduction

Bacterial cell division is an essential cellular process, and is also a remarkable feat
of molecular self-assembly where a nanoscale divisome machine builds on a pre-
positioned FtsZ ring, eventually constructing a micron-scale wall (septum) at mid-cell
[126, 127]. The divisome consists of a complex protein network extending from the
cytoplasm to all three layers of the cell envelope [128-130]. This includes scaffold
proteins, peptidoglycan synthases and hydrolases that remodel the peptidoglycan
network, as well as proteins that coordinate cell division and chromosome segregation
[126]. However, the exact hierarchical assembly of proteins is not yet understood
[127].

One of the main problems that limit progress in this research is the size of bacteria:
they typically grow to a cylindrical shape of around 1 pm in diameter and 3 ym in
length [131]. Being so close to the diffraction limit, these organisms are difficult to
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analyse by standard microscopy. An effective solution to gain higher resolution is
through the use of microfabrication [132, 133], where bacteria can be trapped vertically
inside custom-shaped microwells. This makes use of the asymmetrical distribution
of the point-spread function, which can be 3-4 fold smaller in xy compared to the
z direction [134]. Thus, by positioning the division ring in the xy plane, higher
resolution can be gained without any change in optical instrumentation.

In this project, we make use of microfabrication to image components of the
divisome by DNA-paint super-resolution imaging [135]. I employed two-photon
laser lithography to make a lithography template, from which microwells can be
made as PDMS replicas. The microwells were designed to fit a single bacteria in its
upright position, making sure that the division ring is placed in the xy plane. The
development of this technique allows us to investigate the hierarchical assembly of
the divisome by super-resolution imaging.

8.1.2 Methods
FABRICATION OF MICROWELLS

To enhance the adhesion of the micropillars to the substrate, a silicon wafer (4 inches)
was initially immersed in 3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich) (0.1
mL in 20 mL ethanol) for 15 min, rinsed in water, and dried with nitrogen.

For 3D printing, scaffold geometries were designed in Solidworks (Dassault
Systemes, France), and print parameters then specified in Describe (Nanoscribe
GmbH, Germany) and fabricated on a commercial DLW system (Photonic Professional,
Nanoscribe GmbH, Germany) with a Zeiss Plan-Apochromat 63x /1.4 Oil DIC objective.
The IP-S photoresist (Photonic Professional, Nanoscribe GmbH, Germany) was drop-
cast onto the coverslip and printed in dip-in mode. Laser power of 70% and scan
speed 10000 pm was used. After exposure, the structures were developed and rinsed
with isopropyl alcohol and dried with a stream of nitrogen.

To apply a release agent, we dropcast CYTOP 109AE onto the fabricated silicon
wafer and spincoated at 500 rpm for 30 s, and then gently cured on a hotplate at 50 °C
over 20 min, until full solvent evaporation.

To fabricate the microwells, PDMS was first mixed with a cross linker in 10:1
weight ratio and then cast on the master template. A clean glass coverslip was placed
on top and gently weighed down. PDMS was cured in an oven at 75 °C over 2 h. The
PDMS/ coverslip was then carefully peeled off using a scalpel.

SCANNING ELECTRON MICROSCOPY

Samples were first sputter-coated with platinum/palladium on a high-resolution
automatic sputter coater (Cressington 208HR) at 20 mA and 0.1 mbar Argon for 3 x
20 s. The thickness of the applied coatings was measured with a built-in thickness
controller to be 2.0 nm. They were then imaged using TESCAN MIRA3 FESEM
operating at an accelerating voltage of 10 kV in SE mode.

PREPARATION OF CELLS

WT Bacillus subtilis [131] were plated on LB agar plates and grown overnight in LB
at 30 °C. For vegetative cells, cells were diluted 1:1000 and grown at 30 °C in SMG
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media (15 mM (NH4),50;4, 61 mM KoHPOy, 44 mM KH;POy, 3.4 mM sodium citrate
2xH,0, 1.7 mM MgSQOy, 5.9 mM glutamate and 27 mM glucose supplemented with
1.0 mM tryptophan) until OD600 = 0.15 then fixed as previously described [136]. Cells
were concentrated to OD600 = 0.5 before fixation, and after washed 3x with PBS. To
visualize DNA, samples were incubated with 60 ng/ml DAPI, for 10 min at RT. PDMS
wells were stained with 500 pM Nile Red dye for 5 min at RT.

Before addition of cells, the PDMS chambers were plasma treated with oxygen
at 50 % power, flow rate 0.3 sccm for 15 s (model Zepto, Diener Electronic). We
then constructed a chamber to load the cells and for imaging, assembled from
a silicone isolator chamber (Thermo Fisher Scientific, 0717104) pressed on to the
PDMS/ coverslip. 15 pL of cell suspension was then added to the area directly over the
PDMS wells and centrifuged for 10 min at 3,700 x g in a swinging bucket centrifuge
with homemade adapters.

ImacING

The widefield imaging was performed in Imaging Facility of the Max Planck Institute
of Biochemistry (MPIB-IF) on a GE DeltaVision Elite system based on an OLYMPUS

IX-71 inverted microscope, an UPLSAPO 60xW objective and a PCO sCMOS 5.5
camera.

8.1.3 Results

The schematics of the fabrication is given in Fig 8.1. To fabricate the microwells, I first
designed the master template. Micropillars were printed at 1 pm diameter and 5 pm
height, so that the ultimate microwells dimensions can accommodate a single cell of
bacteria that sit fully upright, and these were arranged in a 15 x 15 grid with 10 pm
spacing. After sweeping the printing parameters, I found that stable structures could
be printed at 70 % laser power and 10000 pm /s scan speed.

For these micropillars, the z-slicing parameter was set to 0.3 pm. This is a commonly
used setting (recommended by Nanoscribe) for printing in IP-S photoresist with the
63x objective, since it usually gives a good balance between the printing speed and
print quality. However, when observed on the Scanning Electron Microscopy (SEM),
individual layers of printing was clearly visible, and the surfaces of the micropillars
appeared rough, which can make the subsequent release of PDMS difficult. Therefore,
I coated the micropillars with CYTOP - which I used in section 5.2 as a refractive
index-matched polymer alternative to PDMS, but it also has a very low surface energy
that is commonly used as a release layer in soft lithography. The SEM images of the
pillars after CYTOP coating reveal that the roughness from the printing was smoothed
out by the additional polymer coating. This physical modification, as well as the
ultra-hydrophobic surface treatment, aids in the efficient release of PDMS from the
master mold.

I then formed the microwells by soft lithography. From fluorescence images, we
see that the chamber dimensions are faithful copies of the micropillars, which are
1 pm in diameter and 5 pm in height. Before loading the chambers with cells, a
gentle plasma treatment is necessary to render the surfaces hydrophilic, which allows
water to fill up the wells. After loading the cells with gentle centrifugation, we could

143



CHAPTER 8. OTHER APPLICATIONS OF MICROFABRICATION

observe that the cells indeed localise in their upright positions in our microfabricated
wells.

a

Template Soft Lithography Imaging
~
— / flip — / ! |
Siwafer  Micropillars PDMS Glass coverslip Cells Q

AR

PDMS wells DAPI-labelled bacteria

Figure 8.1. Microfabrication of wells for upright imaging of bacteria. a) Schematic of
workflow. b) 3D printed micropillars as template before (left) and after (middle) CYTOP
treatment, scale bar 5 pm. Zoomed out overview (right), scale bar 50 ym. c) Fluorescent
images of PDMS wells, stained with Nile Red, and bacteria stained in DAPI, with d.) their
cross section along the indicated dotted line. Scale bar 5 pm.
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Discussion and Future Perspectives

In this thesis, I set out to advance methods that recreate relevant cell-like geometries for
bottom-up synthetic biology. Through the use of a diverse array of microfabrication
methods, I developed ways to pattern stable membranes on rigid supports, in
dimensions ranging from planar 2D substrates, embossed 2.5D compartments, and
fully 3D structures. The fabrication of dynamic, shape-shifting 4D structures made
of protein-based hydrogels demonstrated an alternative strategy to deform lipid
vesicles, and I investigated the reengineering of more stable free-standing membrane
systems from synthesized dendrimer molecules that permit more strenuous shape
transformations. Finally, I applied 3D printing to enable the upright imaging of
bacteria, facilitating the imaging of the divisome by super-resolution techniques. In
this discussion, I examine these developments in turn and evaluate their effectiveness
for the challenges that lie ahead.

MULTIDIMENSIONAL PATTERNING OF SUPPORTED LIPID BILAYERS

Microfabrication is an effective way to create custom-designed structures from
patternable materials, and in this thesis, I used this as the substrate onto which I
formed supported lipid bilayers. The SLB is a widely employed model membrane
system, whose patterning has contributed to many in vitro investigations in the past
[39]. Thus, the expansion of SLB patterning onto fully 3D structures represents a
significant step towards more faithfully recreating the morphological complexity of
cells and organelles. Subcellular membranous structures such as the endoplasmic
reticulum, or invaginations in the mitochondria are systems where the membrane
area per reaction volume is carefully and actively regulated, and such structures can
surely become the target of a systematic investigation using 3D patterning strategies.

The limitations faced by SLBs in general, however, also apply to the methods
developed in this thesis. Firstly, they are incapable of incorporating transmembrane
proteins [39], thus restricting the range of biochemical systems that can be reconstituted
in this membrane. Secondly, their membrane properties are influenced by the
underlying substrate, resulting in reduced membrane fluidity or even alterations in
their biophysical or biochemical behaviour [137]. Thirdly, they are formed on rigid
supports, and therefore the membrane shapes themselves cannot be dynamically
transformed.

Many of these problems have been partly or even fully addressed in many SLB
systems. For example, instead of forming SLBs directly on the substrate, polymer
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cushions or spacers could be used, which increases the hydration layer between
the membrane and the substrate [39, 41]. This extra space allows transmembrane
proteins to be reconstituted in the membrane. Such strategies also effectively decouple
the membrane from the substrate, and the fluidity and as well as other membrane
properties, such as phase separation, more closely resemble those of free-standing
membrane systems [137].

The mechanical inflexibility of SLBs, however, which is inherent to the rigidity of
the underlying substrate, is an issue that cannot be easily solved. We can speculate
that, by using soft, deformable materials to support membrane formation, SLBs can
also be dynamically actuated. In fact, hydrogels, synthetic or protein based, have
a wealth of chemically functional components available that we would potentially
allow us to prepare the substrate for membrane deposition. This includes negatively
charged (-COOH), biotinylated or acrylate-terminated polyethylene glycol (PEG), with
also the possibility to 3D print them [138]. There are also shape-shifting hydrogels and
pH-responsive BSA-based structures, as demonstrated in the associated publication
P4, that provide the interesting prospect of fabricating SLB-coated structures that
transform in shape. This has, however, never been demonstrated, and instead, free-
standing membrane systems, such as lipid vesicles, are still the preferred choice as
the mechanically flexible model membrane system.

We can probe further into material innovation in order to increase the effectiveness
of these SLB systems. In this thesis, I explored Ormocomp, pentaerythritol triacrylate
(PETA) and trimethylolpropane ethoxylate triacrylate (TPETA) as examples of readily
available 3D printable materials for SLB formation. They have high chemical and
physical stability, with little swelling or dissolution, while also having the chemical
functionality that I could to tune to optimise the lipid-substrate interaction for
membrane deposition. Glass is another material that is commonly used for SLB
formation, and has also been recently 3D printed even on the microscale [139]. These
materials, however, are not refractive index matched to the surrounding medium
(commonly water, n=1.33), and therefore cause severe optical distortions that can
obscure fluorescence imaging.

In this regard, I explored materials like CYTOP, which are refractive index
matched [140], and have ideal optical properties for use in microscopy-based in vitro
reconstitution assays. Fabrication methods that use these materials, however, are
still less well explored, and the associated publication P2 was a contribution that
demonstrated an alternative method - negative molding - to pattern them. Another
promising candidate is MyPolymer: a commercially available refractive index matched
polymer, which can be UV light-patterned based on acrylate groups present in their
monomers [141]. Further developments in this direction would drastically improve
imaging qualities, not only for standard microscopy methods, but also for super-
resolution imaging, and would signify a considerable step up in the tools available
for biological research in general.

(GEOMETRY SENSITIVITY OF MINDE SELF-ORGANISATION

Despite these challenges, the developments made in this thesis in membrane patterning
prepare us well for further investigation into the geometry sensitivity of the E. coli
MinDE system. First of all, the photolithography-patterned metal deposition technique
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allowed us to define membrane patches that are diffusively uncoupled from one
another. In this setup, lateral diffusion of molecules on the membrane is restricted
within a pre-disposed boundary, whereas the molecules are free to diffuse in an
unrestricted bulk volume. The boundary conditions imposed by this geometry, where
the chromium barriers serve as diffusively reflective edges but only on the surface,
enforces Min proteins to self-organise in waves that travel along the longest axis
of the membrane. This was a demonstration of how geometry sensing is central
to Min self-organisation, and we were able to use this property to facilitate the
investigation behind the non-specific transport of membrane bound proteins by Min
waves (associated publication P1).

The membrane morphology offered by these slides are also a good starting point to
elucidate how self-organisation patterns on adjacent membrane patches are coupled
by the diffusion through the bulk solution [46]. As the Min waves pass through, the
wave maxima has a locally increased concentration of proteins on the membrane, and
consequently, in the bulk just above this membrane before the proteins rapidly diffuse
away. This concentrated "cloud" of proteins can couple through the volume onto the
adjacent membrane patch, thus correlating the patterns. However, the bulk here is
completely unconstrained, and a way to restrict diffusion in the bulk volume, much
analogous to the defined membrane patches on the planar surface, is still desirable.

The compartmentalised, 2.5D structures developed in this thesis, made from
negative molding in CYTOP, were built on previous attempts to fabricate such relevant
geometries [96]. The cylindrical geometry, resembling those of E. coli themselves,
presents membrane coverage around an encapsulated bulk volume, thus confining
protein diffusion. Patterning membranes in this geometry lead to the recapitulation of
pole-to-pole oscillations in vitro, which was a defining demonstration that engineering
the surface:volume ratio give rise to qualitatively different pattern formation, which,
in this case, closely resembled in vivo behaviours [96]. However, the limitations of
using negative molding to fabricate microstructures, used in associated publication
P2 as well as in previously developmed systems [23, 96], is that the shapes are
restricted to extrusions of 2D designs, since a template must be by pressed down
into a mold and then peeled off to reveal embossed structures. This limits the
complexity of geometries that can be fabricated by such methods, and is insufficient
for a comprehensive exploration of how Min dynamics are dependent on 3D geometry.

The development of membrane-coated 3D structures in this thesis, based on 3D
printing, is therefore a major methodological step towards addressing this question.
With this additional degree of spatial freedom, we can engineer the surface to volume
ratio so that diffusion in the bulk, as well as the surface, can be systematically regulated.
With this tool at our disposal, we can now also tune the biochemistry to further
explore pattern formation of the MinDE system.

Recent studies have shown that the attachment of the His-tag to MinE, which
is necessary for protein purification, to the C-terminus confers ATPase-stimulating
activity closer to the WT protein than the more conventionally used N-terminus
attachment [95]. These constructs then displayed a variety of Turing-like, "stationary"
patterns on quasi-infinite plane and bulk volume assays. This is suggestive of even
richer and partly unexplored MinDE pattern formation on geometry engineered
substrates. In fact, our preliminary results, together with Maria Reverte (Schwille
lab), suggest that geometry can entrain pattern formation (Fig 9.1). When we printed
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micropillars and varied their height, diameter and inter-pillar distance to vary the
available surface to volume ratio, we found that the Min patterns that are normally
"labyrinth" on planar surfaces conform into spots which regularly fill the spaces
between the pillars. This calls for further experimental and theoretical investigation
into how stationary patterns are affected by geometrical designs.

Figure 9.1. MinDE stationary patterns on geometry patterned substrates. Min patterns
appear to conform in between micropillars, diameter 10 pm, height 50 pm, inter-pillar distance
10 pm. Scale bar 20 pm.sof

Additional biomolecular investigations include a closer attention on MinE proteins,
which undergo conformational change from their latent to reactive state as they
stimulate MinD’s ATPase activity on the membrane [92]. As ATP is hydrolysed and
Min proteins unbind from the membrane, MinE switches back into its latent state,
and traverses the majority of the bulk in their unreactive conformation. An intriguing
construct is the 124N mutant, which lacks this conformational switch. Macromolecular
crowding can also be used in conjunction, which limit the diffusion of molecules in
the bulk volume, and also affect the distribution of Min proteins through space by
excluded volume effect [46, 89, 90]. Both these tools modulate how, and in what state,
Min proteins travel through volume, thereby affecting pattern formation.

In a different application of this technology, we can think of the patterned surfaces
on 2D, as well as on 3D rods as demonstrated in this thesis, as Min "waveguides". This
then allows us to observe their interference, as waves that propate along two distinct
paths are eventually brought together at a junction. By adjusting the design of the
structures, we can regulate path lengths, as well as using modules such as rods with
concentric circles that appear to slow down the wave propagation in our preliminary
data (Fig A.3). Studying interference of waves underlined by a reaction-diffusion
mechanism draws fascinating comparisons to classical wave interference, and has only
been studied in a number of cases where wave propagation can be well-controlled.

In addition to their role as the spatial indicators of the E. coli midcell, MinDE
patterns position, transport and also sort biologically unrelated membrane-bound
molecules by non-specific interactions (associated publication P1). The control that we
have over the direction of the waves allows us to potentially guide arbitrary molecules
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to a desired location in 3D space, offering an intriguing nanotechnological prospect.
External cues, such as light-controlled switching of Min pattern formation [142],
as well as specific recruitment of further biomolecules, e.g., by Deoxyribonucleic
acid (DNA) origami, can then further enhance the applicability of such a novel,
molecular-powered transport system.

DyYNAMIC DEFORMATION OF MEMBRANE STRUCTURES

In this thesis, I also explored the possibility of using synthetic dendrimer molecules
to form more stable vesicles, which would be better suited for membrane deformation
studies. The chemical synthesis of amphiphilic molecules has yielded extremely stable
bilayer membranes in the past, however, the functional analogy to the lipid bilayer, in
terms of providing the right biological platform, required careful evaluation, and had
so far been only partly demonstrated [143-145].

The recapitulation of Min protein patterns on these membranes can therefore
be considered a major leap in how we can view the dendrimer membranes: as an
appropriate model membrane system for in vitro reconstitution experiments. The
formation of intricate reaction-diffusion patterns, which requires the combinatorial
tuning of reaction kinetics of proteins diffusion rates between the membrane and the
bulk volume, signified a remarkable level of biomimicry. Co-encapsulation of Min and
FtsZ into dendrimersomes also demonstrated that key components of the cell division
machinery can function similarly inside dendrimersomes, thereby advocating the use
of these molecules for the construction of artificial cells in the future.

The question of whether these molecules can be used completely interchangeably
with lipids, however, cannot yet be conclusively answered. A series of thorough
investigations that examine protein-membrane interactions on a wide range of
species is surely required. Min proteins, for example, only insert their amphiphilic
membrane targeting sequences between the headgroups and the hydrophobic tails,
and thus only loosely interacting with the top leaflet of the membrane. More complex
transmembrane proteins, or protein complexes that require higher-level organisation
within the membrane itself, would set interesting benchmarks for the suitability of
dendrimer membranes for reconstitution experiments.

In this regard, dendrimersomes present a unique opportunity for synthetic biology
- in particular for inducing cell division in artificial protocells. Vesicle division or
deformation has already been demonstrated in a variety of ways, for example,
through binding curvature-inducing species to the membrane [146], controlled
phase separation of lipid species [147], or asymmetrical binding of proteins on the
inner and outer leaflets of the bilayer [Litschel2019, 148]. The majority of these
methods modulate the intrinsic curvature of the membrane, leading to a shift in
the equilibrium membrane morphology, thus membrane deformation. In a recent
study, dendrimersomes have also demonstrated spectacular shape transformations,
stemming from the incorporation of photocleavable groups that spontaneously
change the local membrane curvature [143]. If the positioning of such species could
be regulated, for example, through non-specific transport by Min proteins [105], we
have the possibility to induce shape transformation at a desired location, which is a
fascinating prospect.
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DYNAMIC ACTUATION OF PROTEIN-BASED HYDROGELS

In contrast to deforming vesicles by regulating the intrinsic curvature of membranes,
the actuation of BSA-based hydrogels developed in this thesis provides an external
cue to mechanically squeeze vesicles out of their spherical shape. The use of 3D
printing enables the deformation of GUVs into shapes that are unachievable by
previous microfabrication methods. For example, vesicle traps using soft lithography
(and therefore, 2.5D structures) could squeeze vesicles horizontally but not vertically,
resulting in a rather flat ellipsoid shape than the cylindrical shapes desired to
mimic bacterial geometry [29]. The pH provides an easy, reversible cue to trigger
actuation. Our work can therefore be considered as an effective demonstration of how
shape-shifting, 3D printed materials can be applied to synthetic biology.

Using such triggers that cause drastic changes in biochemical conditions, however,
often limit the range of applicable biochemical systems. The protein system encapsu-
lated inside vesicles, in this case the Min system, was evidently unaffected by the pH
change occuring outside. However, the addition of further biomolecular components
becomes challenging, and any crosstalk occuring between the inside and outside of
the vesicle must be carefully monitored. Any use of transmembrane proteins, for
example, can therefore be immediately excluded. These changes are also global, and
thus restrict the capacity for local and specific shape transformations that are required
to build downstream complexity.

To address these issues, we embarked on creating a fully biomolecular system
that relies on a contractile minimal actomyosin cortex to controllably deform these 3D
printed microstructures (which is outlined in a submitted manuscript, not included
in this thesis). By incorporating biotinylated BSA into the protein-based photoresin,
we were able to specifically target the assembly of stabilised actin networks on 3D
printed structures . Here, the actuation was triggered by activating myosin, and we
were able to deform not only simple structures such as pillars or hinged V-units,
but also complex structures such as a robotic arm and a hand that could make
hand signals. We thereby recapitulated a cellular motor system with the capacity
to integrate other biological or biomimetic modules [149, 150], such as molecular
sensors, signaling factors, feedback regulators, as well as other protein motors. We
therefore present a novel platform on which to develop future miniature soft robotics,
and we can anticipate wider applications of these techniques in general, particularly
to recapitulate shape transformations from bioengineered materials, which is one of
the central goals of synthetic biology.
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Supplementary Theoretical Description

I Chemical potential gradients induce flows, which couple by an out-of-
equilibrium diffusiophoretic mechanism
Elaborating the brief description in the main text, we here explain our theory in full detail.
First, we estimate the abundance of membrane-bound molecules, which provides important
information for the correct formulation of our theory (sections I.1 “Large particle density in
MinD-rich regions and large mean particle density” and 1.2 “Cargo density is limited by
abundance of streptavidin and origami”). Then, to formulate a theoretical model, we treat the
population of membrane-bound molecules as a lattice gas. Specifically, we use the Flory-
Huggins theory of mixing to calculate the local chemical potential of each molecular species
(section 1.3 “Flory-Huggins theory of mixing: an equilibrium picture”). Finally, we consider
chemical-potential-induced particle flows, and their coupling via an effective inter-particle
friction (referred to as Maxwell-Stefan-like phenomenological approach, cf. section 1.4
“Phenomenological coupling between diffusive fluxes: an out-of-equilibrium picture”). In
section 1.5 “Analytic solution and fitting of reduced model”, we then reduce our model to find
an analytic solution and to fit it to our experimental data. Based on our fitting parameters, we
predict the diffusion coefficient of cargo in the presence of MinD from its measured value in
the dilute limit (section 1.6 “Diffusion coefficient of cargo molecules”). Section .7
“Determining the spatial distribution of multiple cargo species” then serves as a brief outline

on how our theory can be extended by additional cargo species.

1. Large particle density in MinD-rich regions and large mean particle density
The MinD monomer density in the MinD maxima reaches a value of about 13 200 um‘z 12
which corresponds to a MinD dimer density of 6 600 pm™2. Since a single MinD dimer
occupies approximately 25 nm? on the membrane, this gives an estimated maximal surface
coverage of 16.5%. Assuming a circular packing of the free areas around different MinD dimers
(cf. illustration “Estimation of the mean free path between MinD dimers”), the mean free path
between two MinD dimers is then estimated to be 2.7 MinD dimer radii, which corresponds

to 67 A.
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free region

Estimation of the mean free path between MinD dimers. We represent MinD dimers (or streptavidin
molecules) by disks with radii R,, = 2.5 nm, and assume that around these disks there are circular
“free regions” with radii Rgee Which are devoid of other membrane-bound particles. These “free
regions” can cover at most w/(2v3) ~ 91% of the membrane. This estimate yields an average mean
free path between membrane-bound particles of 46 A (67 A for the average distance between MinD
dimers in the MinD maxima). Treating the MinD dimers (or streptavidin molecules) as square plates
of size 5 X 5 nm? instead of circular disks yields a very similar estimate for the average mean free path
between membrane-bound particles of 51 A (73 & for the average distance between MinD dimers in
the MinD maxima).

For an assumed sinusoidal MinD profile, we estimate that on average 8.25% of the membrane
is covered by MinD?. Furthermore, on average another 16.5% of the membrane is covered by
streptavidin molecules, as measured by Fluorescence Correlation Spectroscopy-based image
calibration?. A single streptavidin molecule occupies 25 nm? on the membrane, like a MinD
dimer. Thus, the mean free path between two arbitrary membrane-bound particles (MinD
dimer or streptavidin) is 46 A. To conclude, the above estimates show that the mean free path
between any two membrane-bound particles is comparable to the particle size itself, which

suggests that there are significant interactions between particles.

2. Cargo density is limited by abundance of streptavidin and origami
Each cargo molecule is a composite object consisting of a DNA origami scaffold and multiple

streptavidin building blocks, which also serve as membrane tethers for the DNA origami

2 We base this estimate on the known value for the maximum MinD surface coverage and assume that the spatial
distribution of MinD is a perfect sinusoidal curve. Computing the mean MinD coverage from the mean intensity
can yield a slightly higher value of approximately 10% but does not significantly affect our results.

4
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scaffolds (cf. Fig. 1a in the main text). A DNA origami scaffold can only bind to the membrane
by binding to streptavidin molecules via their biotinylated oligonucleotide handles. The
streptavidin molecules in turn are coupled to biotinylated lipids in the SLB. Hence, the total
number of membrane-bound cargo (Ng) should be limited by the abundance of both the
number of DNA origami (N,,) in the assay and the available membrane-bound streptavidin
(Ng). In the following, we will estimate how many DNA origami are bound to the membrane
via streptavidin (i.e. the abundance of cargo) as well as the abundance of free streptavidin

molecules (i.e. those that are not linked to DNA origami).

The amount of biotinylated lipids in the membrane determines the number of membrane-
bound streptavidin. The tetrameric streptavidin binds two to three biotinylated lipids
simultaneously and as the streptavidin-biotin interaction is very strong the streptavidin off-
rate is negligible on the time-scales of our experiments3. Since we incubate the membrane
with surplus streptavidin before we wash away any unbound streptavidin, we assume that all
biotinylated lipids are bound to streptavidin. Hence, one can estimate the (average)
streptavidin density from the molar fraction of biotinylated lipids (here 1%), their density and
the streptavidin/biotinylated lipid binding valency (here 2.5) to be about C; = 6.6 X
103 um™2. We previously also confirmed this density estimate using Fluorescence Correlation
Spectroscopy-based image calibration?. For a membrane of size A4, this yields a total of N; =

A ¢ streptavidin molecules that are bound to the membrane.

The number of membrane-bound streptavidin molecules (N) and the number of available
DNA origami scaffolds (N, ) are constant for all experiments. Each DNA origami scaffold has
n biotinylated oligonucleotide handles that can attach to membrane-bound streptavidin.
Because of the strong binding between biotin and streptavidin we expect that all biotin-
streptavidin bonds are saturated (if there are sufficient DNA origami, each with n biotinylated
oligonucleotide handles, in the system) and that a membrane-bound streptavidin only binds
to one biotinylated oligonucleotide at a time®. If all DNA origami were to bind to the

membrane, then this would correspond to an average density of ¢, = N, /A. This would

b Under the conditions used in our experiments, each membrane-bound streptavidin has a residual biotin binding
valency of 1.53. This low residual valency, and also the spacing of individual biotinylated oligonucleotide handles,
should prevent binding of multiple handles to one streptavidin. However, binding of multiple biotinylated
oligonucleotide handles to one streptavidin cannot be entirely excluded for cargo with many handles and
consequently smaller handle spacing, i.e. cargo-15, cargo-28 and cargo-42.

5
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leave Ny —n N,, freely diffusing (i.e. not linked to DNA origami scaffolds) streptavidin
molecules on the membrane. In contrast, for large numbers of biotinylated oligonucleotide
handles per origami (n > Ng/N,,), all streptavidin molecules would bind to DNA origami
scaffolds. Then, the DNA origami scaffolds would compete for the available membrane-bound
streptavidin molecules, due to volume exclusion effects between different DNA origami® and
a strong entropic penalty for binding DNA origami to the membrane. This competition would
effectively result in only Ny = Ng/n membrane-bound DNA origami (corresponding to an
average membrane-bound cargo density of ¢; = N, /A), while leaving N, — N, DNA origami
scaffolds unbound. Thus, we expect that the number of biotinylated oligonucleotide handles
on the DNA origami (n) determines the number (n) of cross-linked streptavidin building blocks
per DNA origami (cf. Figs. 1d and 2a in the main text), as this corresponds to the minimal
amount of membrane-bound DNA origami that at the same time maximizes the number of
biotin-streptavidin bonds. To summarize, the abundance (average concentration) of

membrane-bound cargo is given by ¢; = min(¢,, Cs/n).

With the given amount of streptavidin on the membrane and origami in the assay
(Supplementary Table 1), we expect that all streptavidin molecules are bound to the
biotinylated oligonucleotide handles on the DNA origami scaffolds for a number of handles
n = ¢;/c,y = 21. Consequently, for origami with a larger number of biotinylated
oligonucleotide handles such asn = 28 or n = 42 in our experiments (which is equivalent to
a larger number of cross-linked streptavidin molecules), not all origami can bind to membrane-
bound streptavidin. Thus, we would expect a decrease of the surface density of DNA origami
for n > 21, and that in this case there are no free streptavidin molecules left on the
membrane. In good agreement with these arguments, the average fluorescence intensity of
DNA origami scaffolds in our experiments indicates that the average density of membrane-
bound streptavidin molecules is the limiting factor for the binding of DNA origami to the
membrane for n > 15 (Extended Data Fig. 2c). Conversely, this means that for n < 15 the
limiting factor for the binding of DNA origami to the membrane is the abundance of DNA

origami themselves. Then, all of the available DNA origami will bind to the membrane via

¢In our experiments, we observe that membrane-bound DNA origami scaffolds cover up to 55% of the membrane
(based on the total amount of DNA origami scaffolds in the experimental assay).
6
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streptavidin, resulting in an average coverage of 55%. As discussed above, at these densities

one should expect significant volume exclusion effects.

3. Flory-Huggins theory of mixing: an equilibrium picture
In order to describe the thermodynamics of the free streptavidin molecules and the artificial
cargo (i.e. streptavidin molecules that are crosslinked into an effective polymer) on the
membrane, we formulated a Flory-Huggins theory*®. To that end, we assumed that any
(infinitesimally small) region on the membrane can (on the molecular scale) be described as a
well-mixed lattice gas. On the mesoscopic scale, we then considered particle density gradients
on the membrane surface. Then, we specifically asked: given a (externally imposed)
heterogeneous distribution of active particles (i.e., we assume that there are stationary MinD
protein density gradients on the membrane), what is the ensuing thermal equilibrium
distribution of passive particles (cargo and free streptavidin molecules)? To answer this
question, we determined the corresponding chemical potentials y; for each species as

discussed next.

In order to formulate a theoretical model, it is instructive to consider the architecture of the
cargo molecules used in the experiments (see illustration “Conceptualized model geometry”).
Each cargo molecule is a composite object, which consists of a DNA origami scaffold and
multiple streptavidin building blocks. The lower facet of the rod-shaped DNA origami is located
between 5 and 11 nm above the membrane (see Supplementary Note 1). The streptavidin
building blocks also serve as membrane tethers with a height of roughly 5 nm. Furthermore,
MinD proteins bind to the membrane and form a monomolecular layer about 5 nm high’.
These geometric properties of the system imply that cargo transport is dominated by
interactions between MinD and streptavidin. As a consequence of the architecture of our
cargo molecules, there are two distinct interaction layers (see illustration “Conceptualized
model geometry”): (g) the proximal plane refers to the thin layer near the membrane, which
has a height of 11 nm, and (t) the distal plane refers to the thin layer above the proximal
plane, which has a height of 8 nm. In our theoretical analysis, we considered these two layers,

the proximal plane and the distal plane, as two distinct lattice gases that are strictly coupled
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Conceptualized model geometry (cf. Fig. 2a in the main text). a, Side view of the artificial cargo and
MinD on the membrane. b, Isometric view of the artificial cargo and MinD on the membrane. Cargo
molecules are composite objects which consist of a DNA origami scaffold (blue) and multiple
streptavidin building blocks (magenta). The lower facet of the rod-shaped DNA origami is located
between 5 and 11 nm above the membrane, from where the DNA origami body extends a further 8
nm (see Supplementary Note 1). The streptavidin building blocks also serve as membrane tethers.
Furthermore, MinD proteins (green spheres) bind to the membrane in a monomolecular layer of about
5 nm height’. Therefore, we expect that cargo transport is dominated by interactions between MinD
and streptavidin. This setup signifies two distinct interaction layers of the cargo with the proteins,
which we indicate with the following labels: (o) In the proximal plane, each DNA origami crosslinks
multiple streptavidin blocks into a polymer-like object g, which intersperses with MinD proteins p, free
streptavidin molecules s, and solvent. (t) In the distal plane, we assume that only solvent surrounds
the bulky DNA origami body o. We describe both interaction layers as lattice gases (indicated by the
black grid), but with different lattice constants in the proximal and in the distal plane. MinDE protein
density gradients introduce a bias to the diffusion of the cargo molecule (black arrow).

through the cargo molecules (which are present in both layers with a common local density
g but distinct effective sizes a; and a,). Here and in the following, we use the term “size” to
refer to the 2D projected area of the different particles on the membrane (i.e. membrane
footprint). We choose the lattice constants of the proximal plane (£, = 5 nm, corresponds to
the diameter of a typical MinD dimer or streptavidin molecule) and the distal plane (£; =
16 nm, corresponds to the short side of the DNA origami) to match the typical length of the

associated particles, respectively.

Directly above the membrane (proximal plane o), each DNA origami scaffold crosslinks
multiple streptavidin blocks into a polymer-like object g, which intersperses with MinD
proteins® p, free streptavidin molecules s, and solvent. Because streptavidin molecules and

MinD dimers have a diameter of roughly 5 nm, we choose the lattice constant of the proximal

91n the following, we neglect the distribution of MinE proteins. MinE proteins are recruited to the membrane by
MinD proteins and therefore typically localize to the edge of MinD patterns. Therefore, we assume that MinD is
a good proxy for the total distribution of MinDE proteins.

8
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plane accordingly: £, = 5 nm. Then, each individual MinD dimer, free streptavidin molecule,
and patch of solute occupies one lattice site of size (area) a, = £2. Cargo molecules with n
streptavidin building blocks occupy n lattice sites and therefore have an effective size of a, =
n a, on the membrane. We assume that these four species of molecules form a lattice gas
with a free energy density £, which is described by the Flory-Huggins theory of mixing*®
fO'
keT

Ci In 9,: +ZC19] Xl] . (Sl)
i i,j

Here, c; and 6; refer to the surface density and surface coverage of each species (cargo g, free
streptavidin s, MinD proteins p and solvent ), respectively, while the Flory-Huggins
parameters y;; are a measure for the interaction energy between different molecular species.
At this point, we assume that there is no direct attraction or repulsion between the different
species (e.g. due to electrostatic interactions); thus, all of the interaction parameters between
the different species must vanish: x;; = 0. On the membrane, each lattice site is either
occupied by cargo g, free streptavidin s, MinD proteins p, or solvent g. Specifically, cargo
molecules occupy a local surface fraction 6,(x) = n a, c4(x) at a surface density of ¢ (x),
free streptavidin molecules occupy a local surface fraction 6;(x) = a, c;(x) at a surface
density of ¢;(x), and MinD proteins occupy a local surface fraction 6,(x) = a, c,(x) at a
surface density of ¢, (x). Then, the solvent occupies the remainder of the surface at a local
surface fraction 6,(x) = 1 — 6,(x) — 65(x) — 8,(x), which corresponds to a local surface
density of ¢, (x) = 6,(x)/a,. By taking the derivative of the free energy density, Eq. (S1), with
respect to the surface density of cargo molecules, one obtains the contribution of the proximal

plane o (near the membrane) to the total chemical potential of a cargo molecule:

CACNN
kgT — Ocy kT

=In[0,(x)] —nln[1 — O,(x) — O,(x) — 6,()] + (1 —n).  (S2a)

Here, 6,(x) = n a, cy(x) indicates the local surface fraction occupied by cargo molecules,
0s(x) = a, cs(x) indicates the local surface fraction occupied by free streptavidin molecules,
and 6, (x) = a, cp(x) indicates the local surface fraction occupied by MinD proteins. The
second term of Eq. (S2a) corresponds to a volume exclusion effect, where a local increase of
cargo density will lead to a local depletion of solvent. The size ratio between cargo and the
solvent patches is given by (n a;)/ (a4), and contributes to this volume exclusion effect. The
third term of Eq. (S2a) is a constant and thus drops out when one calculates the gradients of

the chemical potential. Analogously, the chemical potential of a free streptavidin molecule is
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given by

I(x) 9 f°
MkB; = 6_csk];_T = In[6,(x)] — In[1 = 6, (%) — 6;(x) — 6,(x)]. (S2b)

The second term of Eq. (S2b) corresponds to a volume exclusion effect, where a local increase
of streptavidin density will lead to a local depletion of solvent. The streptavidin molecules
have the same size as the solute patches (a,), and thus there is no pre-factor before the
volume exclusion term. Finally, the chemical potential of a membrane-bound MinD protein is
given by

) 0 f7
ksT — 0c, kT

= In[6,(x)] — In[1 — 6, (x) — 6s(x) — 6,(x)]. (S20)

The second term of Eq. (S2c) corresponds to a volume exclusion effect, where a local increase
of MinD dimer density will lead to a local depletion of solvent. The MinD dimers have the same
size as the solute patches (a,), and thus there is no pre-factor before the volume exclusion

term.

At an altitude of 11 nm above the membrane, the distal plane T contains only DNA origami
scaffolds and solvent. Because each DNA origami scaffold is 16 nm wide and 110 nm long, we
choose the lattice constant of the proximal plane accordingly: £; = 16 nm. Then, each DNA
origami scaffold occupies roughly seven lattice sites with a total size of a, = 7 a, (yielding a
width of 16 nm and a length of 112 nm), while each patch of solute has an effective size of
a, = £2. Specifically, the DNA origami scaffolds occupy a local surface fraction 8,(x) =
7 a; c4(x), at a local surface density of c,(x) = c4(x). Then, the solvent occupies the
remainder of the distal plane at a local surface fraction 6, (x) =1 —6,(x), which corresponds
to a local surface density of ¢, (x) = 6,(x)/a,. Analogously to Eq. (S1), we assume that these
two species of molecules form a lattice gas with a free energy density ¥, which is described
by the Flory-Huggins theory of mixing*®:

fT
kBT = Ci In 9,: + Z ci9j Xl] . (53)
i i,j

Here, c; and 6; refer to the surface density and surface coverage of each species (DNA origami
o and solvent ), respectively, while x,, is a measure for the interaction energy between the
two species. As before, we assume that there is no direct interaction between the different
species in the distal layer (e.g. due to electrostatic interactions); thus, the corresponding

interaction parameter vanishes: y,, = 0. Then, by taking the derivative of the free energy
10
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density, Eq. (S3), with respect to the surface density of cargo molecules, we find the
contribution of the distal plane T (11 nm above the membrane) to the total chemical potential
of a cargo molecule®:

pg(x) 0 fT
kgT — Ocy kpT

=In[0,(x)] — 7In[1 — 6,(x)] — 6. €))

Here, 6,(x) = 7 a; cy(x) refers to the surface fraction occupied by the bulky DNA origami

scaffolds.

The total chemical potential of a cargo molecule has a contribution from the proximal plane
o, Eq. (S2a), and a contribution from the distal plane 7, Eq. (S4). To find an expression for this
chemical potential, we integrated out the two interaction layers near the membrane.
Specifically, we again started from the Flory-Huggins theory of mixing*®, but now expressed
the free energy density per volume in terms of the surface particle densities (in comparison,
Egs. (S1) and (S3) describe the free energy density per area). The proximal interaction layer
has a thickness of d° = 11 nm and the distal layer has a thickness of d* = 8 nm. We
neglected variations in the cross-sectional area of the different molecular species within the
proximal and distal layers, respectively. We assumed that the local volumetric density of cargo
is given by ¢, /(d? + d¥) in both layers, while the volume fraction that is locally occupied by
cargo is given by the surface coverage in the corresponding interaction layer (6, in the
proximal layer, 8, in the distal layer). We also applied these arguments for the MinD proteins
(only present in the proximal layer at a volumetric density ¢, /d° and volume fraction 8,,), free
streptavidin molecules (only present in the proximal layer at a volumetric density ¢s/d° and
volume fraction ;) and the solvent patches in both interaction layers. Then, we integrated
the free energy density per volume across both interaction layers to arrive at the free energy
density per area. By taking the derivative of the resulting free energy density per area with
respect to the surface density of cargo molecules, we found the following expression for the

total chemical potential of a cargo molecule:

¢ Here, we have approximated the DNA origami as a polymer with 7 segments. Alternatively, one could also treat
the distal layer as an ideal solution (i.e. set the “polymer factor” to 1). This alternative choice does not affect our
general results which will be discussed in more detail at the end of this section. Specifically, due to the resulting
entropic repulsion between different DNA origami, entropic volume exclusion effects are not sufficient to explain
the strong cargo gradients that we observed in our experiments (reaching near-saturation values in DNA origami
coverage 6, - 1 where the second term in Eq. (S4) and the equivalent third term in Eq. (S5) diverge
logarithmically).
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g ()
kT

where we have used d?/(d° + d%) ln[Hg(x)] +d*/(d° +d9)In[f,(x)] = ln[Hg(x)] + cst,

=In[0,(x)] —nIn[1 — 6,(x) — 65(x) — 8,(x)] — 7In[1 — 6,(x)], (S5)

and omitted all constant terms. Note that Eq. (S5) contains both a saturation term in the
proximal layer (second term) as well as in the distal layer (third term). The chemical potentials
of the streptavidin molecules, Eq. (S2b), and of the MinD proteins, Eq. (S2c), remain the same

as calculated earlier, i.e. ug(x) = ud (x) and p, (x) = pp(x).

In our experimental assay, ATP-consuming reactions continuously drive the MinDE protein
distribution out of equilibrium and maintain a non-equilibrium, spatially non-uniform steady
state that exhibits protein gradients (and fluxes)® 1. In stark contrast to the Min proteins, the
cargo molecules and the free streptavidin molecules show only thermal Brownian diffusion
while being bound to the membrane; they can be considered permanently bound to the
membrane as they have a negligible detachment rate due to their strong membrane
anchoring®. As a consequence, both the cargo molecules and free streptavidin molecules
adopt a thermal equilibrium state, which is lacking any gradients in the chemical potentials
(Vg = Vus = 0). In other words, the (passive) Brownian particles in different regions of the
membrane have identical chemical potentials in an adiabatic response to the externally
imposed distribution of active particles, the MinD proteins: Vu,, = VuJ # 0. Given these
constraints regarding the spatial profile of the chemical potential, we then determined the

distribution of all passive particles as follows.

The constraint that the cargo molecules are in local thermal equilibrium, Vi, = 0, yields the
following partial differential equation by taking the gradient of Eq. (S5) and using the chain

rule for multivariable functions,

Oug 08, O,ug 6ug a,ug
— Vo, Vo, Ve, =0, Sé
26, 30, T 96,] "> F 38, VT e, (S62)
while the constraint Vug = Vugd = 0 directly implies, by using the chain rule for multivariable
functions,
oud 06, ousd oug
36, 6, Vo, +69 Vo, +69 Vo, =0. (S6b)

The ratio 36, /06, = ag/a, = (nas)/(7 a;) = n/70is fully determined by the number n of
streptavidin blocks per cargo. Since a heterogeneous spatial distribution of proteins (Min

pattern), i.e. V8, is externally maintained, Eqgs. (S6a) and (S6b) form a closed set of partial
12
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differential equationsf in the variables 8, and 6, (together with the additional constraint that

the average density of the different molecular species is conserved).

Finally, we will now impose a (externally maintained) spatial distribution of MinDE proteins
and solve Egs. (S6a) and (S6b) with the constraint that the average density of the different
molecular species is conserved (mass conservation). Note that neither the precise functional
form of the MinDE protein coverage distribution 8, nor the dimension of the geometry are
important: In general, the equilibrium distribution of the cargo coverage will be determined
by the distribution of MinD proteins and the abundance of all molecules in the assay, and
therefore have the form 6,(6,,6,, 8,,05,n). Similarly, the equilibrium distribution of the

streptavidin coverage has the form 65(6,, 0, 0,,65,1). Thus, by using the (multivariable)

chain rule of differentiation, one could fully eliminate all gradients from Egs. (S6a) and (S6b):

nag aﬁ Oug| 06, duy 06 aﬁ —0 (S6a)
7a, 39, 06, 06, 06, 96, 06, ’
oud 06, ou? 96, oug
nag Ols 0 HUs s Hs 0 (S6b*)

7a, 06, 30, 090 86, 06, '
and directly solve for the coverage of passive particles as a function of the protein coverage.
Note that Eqgs. (S6a*) and (S6b”) can also be obtained by directly setting u, = cst and y; =
cst, and expanding the resulting equations to first order in the protein coverage 0,.
Alternatively, one can also obtain Egs. (S6a*) and (S6b*) by integrating Egs. (S6a) and (S6b)
over an arbitrary infinitesimal line segment ds, and perform a change of variables ds - VO =
df. Since we were also interested in the spatial distribution of passive molecules, however,
we translated Egs. (S6a) and (S6b) into a boundary value problem, in a 1D geometry of length
L = 1. Specifically, this boundary value problem enforces the constraint that the average
density of the different molecular species is conserved. We introduced two fields for the

cumulative coverage (this corresponds to the cumulative mass for density fields) of DNA
origami 0, = %f;‘ dy 6,(y) and streptavidin molecules 05 = %fox dy 65(y), resulting in the

additional two differential equations

6, =LVO,, (S60)
0, = L V0. (S6d)

fTo keep the equations concise, we have chosen not to insert the partial derivatives of the chemical potentials
with respect to particle coverage, dy;/36;. These partial derivatives are easily obtained from Egs. (S2b) and (S5).
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Thus, in summary, we have four partial differential equations (S6a), (S6b), (S6c) and (S6d)
with the four boundary conditions ©,(0) = 0, 0,(L) = 8,(n) , ©,(0) =0, and 0,(L) =
6,(n). As we have discussed in section 1.2 “Cargo density is limited by abundance of
streptavidin and origami”, the average coverage of free streptavidin molecules and cargo
(equivalent to their density or abundance) depend on the number of streptavidin blocks per

cargo molecule. Then, we imposed the following coverage distribution of proteinsé:

_ T X\2
6, = 6, 2 cos (ﬁ) , (87)
and numerically solved the closed set of partial differential equations (S6a), (S6b), (S6¢) and
(S6d), as shown in Fig. 2b,c in the main text and Extended Data Fig. 3a. These results show
that entropic mixing effects can in principle lead to transport of passive particles in a gradient
of active particles (Fig. 2b,c in the main text and Extended Data Fig. 3a). However, this
disagrees with our experiments where we observed a far stronger redistribution of the passive
cargo molecules than entropic mixing would predict (Fig. 2b in the main text and Extended
Data Fig. 3a). This observation can be explained as follows. The weak entropic sorting of the
cargo’s small streptavidin blocks in a fixed gradient of MinD proteins originates from the
second term in the proximal chemical potential of cargo, Eq. (S2a), and the equivalent second
term in the total chemical potential of cargo, Eq. (S5), which corresponds to a volume
exclusion term (free streptavidin molecules experience analogous entropic sorting according
to Eq. (S2b)). Specifically, the fixed distribution of active MinD proteins constrains the local
mixture of cargo, streptavidin molecules and MinD proteins. In response, the passive cargo
and streptavidin molecules will distribute in such a way that maximizes the local area fraction
that is occupied by solvent (mixing). However, just as there is volume exclusion between
particles in the proximal layer o, there is also volume exclusion between particles in the distal
layer T which accommodates the DNA origami scaffolds (cf. illustration “Conceptualized model
geometry”). Furthermore, the particles in the distal layer are much larger than the particles in
the proximal layer. Thus, agglomeration of cargo is prevented by the second term in the distal

chemical potential of cargo, Eq. (S4), and the equivalent third term in the total chemical

& This specific choice serves to (roughly) approximate the spatial profile of MinD in the assay that contains cargo-
15, cargo-28 or cargo-42 (cf. Fig. 1d in the main text). There, roughly 30-50% of the raw image pixels can be
classified as MinD-minima (Fig. 1g in the main text), which suggests an almost symmetric MinD profile. The spatial
profile of MinD becomes increasingly asymmetric for cargo with decreasing number of streptavidin n. However,
the precise form of the MinD profile should not be relevant, as the spatial dimension x can be fully eliminated
from Egs. (S6a) and (S6b), cf. resulting Egs. (S6a*) and (S6b*).
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potential of cargo, Eqg. (S5), which diverges logarithmically as the area fraction 6, that is
covered by DNA origami scaffolds approaches saturation, 8, — 1. As the volume exclusion
term in the distal chemical potential of cargo, Eq. (S4), that prevents cargo agglomeration (cf.
the equivalent third term in the total chemical potential of cargo, Eq. (S5)) has a greater weight
than the volume exclusion term in the proximal chemical potential of cargo, Eq. (S2a), which
creates cargo gradients in response to the imposed distribution of MinD proteins (cf. the
equivalent second term in the total chemical potential of cargo, Eq. (S5)), we conclude that
mixing effects alone may never be sufficient to reach near-saturation densities (cf. section 1.2

“Cargo density is limited by abundance of streptavidin and origami”) like in our experiments.

4. Phenomenological coupling between diffusive fluxes: an out-of-equilibrium picture
As described in the main text, we next relaxed our previous assumption of fixed external
chemical potential gradients and considered their dynamics. According to Onsager’s theory of
nonequilibrium thermodynamics??, gradients in a chemical potential Vy; imply particle fluxes
ji- In the present context, a possible candidate for a non-equilibrium process in a crowded
environment is the coupling of particle fluxes through (mesoscopic) friction caused by non-
specific interactions between proteins and cargo molecules on the membrane. This
phenomenological friction may originate from hydrodynamic interactions, or also from
collisions given that the mean free path between membrane-bound particles is only about 50
A (see section 1.1 “Large particle density in MinD-rich regions and large mean particle
density”). In fluids, a frictional coupling between the diffusive fluxes of dilute solutes is
mediated by hydrodynamic interactions (and a two-particle interaction potential) and has
been predicted by Derjaguin®?® (cf. section “Discussion of related non-equilibrium transport
mechanisms”). In gases, a phenomenologically similar (but mechanistically distinct) coupling
between diffusive fluxes originates from a direct momentum transfer due to binary collisions
and has been predicted by the Maxwell-Stefan theory of diffusion'#>, as well as
experimentally observed for three-component gas mixtures'®!’. Since there are different
microscopic mechanisms that can lead to a coupling between diffusive fluxes, we formulated

a phenomenological theory where each species on the membrane obeys a Maxwell-Stefan-
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like effective force-balance equation'*>hi;

V“f”i]cf*ZCka (]C—‘i—lc—’;)zo. (1inn§:?{ntext)
Here, theindexi € {p, g, s} refers to MinD proteins, cargo molecules with bound streptavidin,
and free streptavidin molecules, respectively. Conceptually, the thermodynamic driving
forces, caused by chemical potential gradients, are balanced by friction forces between the
different macromolecules and lipid molecules (with friction coefficients &;) as well as among
the different macromolecules themselves (with coupling constants ;). Note that, according
to Onsager’s reciprocal relations??, the matrix of coupling constants must be symmetric: {;;, =
{xi- Then, by summing the effective force balance equations for each particle species
weighted with the respective particle concentration, one can verify that all friction forces due
to particle-particle interactions cancel out. The underlying physical reason for these
cancellations is the conservation law for the global momentum (i.e. global force balance). The
last term in Eq. (S8) corresponds to a momentum transfer between any two particle species.
On average, these momentum transfers must cancel out to satisfy momentum conservation.
The second term in Eq. (S8) dissipates momentum into the membrane, and the first term in

Eq. (S8) is a potential force which in our case originates from the free energy of mixing.

Since our experiments showed a nonequilibrium steady state, d;c; = 0, we continued to
analyse the steady state of the model. While cargo and streptavidin molecules exhibit
Brownian motion and relax to a thermal equilibrium state with vanishing fluxes j, = j; = 0,
the MinD protein patterns are kept in a non-equilibrium steady state maintained by off-
equilibrium chemical reactions (ATPase activity). Because the fluxes of passive cargo and
streptavidin molecules vanish, there is no need to consider a coupling {;;, between them.
Furthermore, Eqg. (S8) shows that the self-coupling coefficients {;; are irrelevant for the mean
field dynamics. For single molecules, however, such a self-coupling should lead to a density-

dependent self-diffusion coefficient, as has been observed for MinD by Loose et al.! using

" The last term in Eq. (S8) corresponds to an effective friction (i.e. momentum transfer) that is proportional to
the velocity difference between the fluxes of different particle species. Note that one would use analogous terms
to couple different fluids in dense multi-component liquids.
i The validity of the phenomenological theory that is presented here is independent of the detailed microscopic
mechanism, because it relies on very general Onsager-like arguments. Calculating the coupling coefficients from
a microscopic picture is an interesting problem on its own, which is hinted at in section 1.1 “lllustrative derivation
of the diffusiophoretic drift velocity in 3D solutions”.
i In general, the potential force can also contain contributions from electrostatic or other interactions between
particles.
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single-particle tracking and for membrane-bound DNA origami using Fluorescence Correlation

Spectroscopy!®.

Since the fluxes of the passive particles, cargo and streptavidin molecules, vanish (j, = j; =
0), the fluxes of the MinD proteins are given by

3 cp Vi,
§ptCgCpg+CsGps’

where the chemical potential gradient of the MinD proteins is given by Eq. (S2c). After

Jp = (59)
inserting Eqg. (S9) back into the force balance equation, Eq. (S8), one obtains the following
relations between the externally maintained chemical potential gradients of the active

particles (MinD proteins) and the induced chemical potential gradients of the passive particles

(streptavidin and cargo molecules), respectively:

%
Vg = Cpgdp = — Lopg Vi, 510
Hg = SpgJp &y + Cg Cpg + Cs Cps Hp (510a)
. % 6,
Vits = s Jip = = V. (S10b)

_fp +¢g pg t Cs Gps
Here, the chemical potential gradient of the cargo molecules is given by Eq. (S5), the chemical
potential gradient of streptavidin molecules is given by Eq. (S2b), and the chemical potential
gradient of the MinD proteins is given by Eq. (S2c). Analogous to our numerical solution of the
Flory-Huggins model (see section |.3 “Flory-Huggins theory of mixing: an equilibrium picture”),

we formulated Egs. (S10a) and (S10b) as a 1D boundary-value problem in a domain of size
. . . ) 1 1

L =1, by introducing the two additional fields ©, = Zfox dy 8,(y) and 04 = Zfox dy 65(y)

and their respective boundary conditions 0,(0) =0, 04(L) = 8,(n), ©,(0) =0, and

0,(L) = 6,(n). As before, we imposed the distribution of MinD proteins (externally

maintained by a reaction-diffusion system) as given by Eq. (S7).

In the absence of mutual friction between the macromolecules ({;; = 0), Eq. (S8) reduces to
the Flory-Huggins model (Vu, = Vg = 0) which implies weak cargo redistribution in a
stationary gradient of active proteins. In contrast, in the presence of (frictional) coupling
(¢ix # 0) between cargo molecules and MinD protein fluxes (j, # 0), the cargo molecules are
not only redistributed due to entropic demixing effects, but in addition they are transported
along protein gradients by these nonequilibrium protein fluxes. As consequence of this
additional bias, cargo redistribution is significantly stronger than by equilibrium
thermodynamic forces alone, which quantitatively explains our experimental data (Fig. 2b,cin
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the main text and Extended Data Fig. 3a). We expect that individual streptavidin molecules
experience a coupling {,; to MinD fluxes, which arises from a mesoscopic friction.
Consequently, we also expect that the coupling constant ,,, between MinD and a specific
cargo has a contribution from the origami scaffold as well as from each of its n streptavidin
molecules:

$pg = Spo + M s - (S11)
This implies that the extent of cargo redistribution should increase with the number of
streptavidin integrated into the cargo, as indeed observed in our experiments (Fig. 1e in the
main text). This suggests that diffusiophoresis is not limited to the transport of large cargo,
but can also explain the transport of small molecules (with similar size as MinD proteins), such
as individual membrane-bound streptavidin molecules as reported in this study (Fig. 1d in the

main text) and previous ones?'?,

5. Analytic solution and fitting of reduced model
To further elucidate the mechanism underlying MinDE-induced transport, we simplified our
theoretical model. Specifically, we neglected membrane saturation effects (i.e. the second
terms in Egs. (S2a), (S2b), (S2c), (S4) and thus both the second and third terms in Eq. (S5)), so
that the chemical potential of a particle with size a; reduces to u; = kgT In(a;c;). Then, the
effective force-balance equation, Eq. (S8), takes the form of a generalized Fick’s law for the
MinD protein fluxes in the non-equilibrium steady state with a density-dependent diffusion
coefficient D, (c,, c5):
kgT

Jjp = — Ve, =-D,(c,,cs) Ve, .
P fp+Cg§pg+Cs§ps 14 p(g S) P (

S12, )
2 in main text

Because the number of free streptavidin is typically small (see section 1.2 “Cargo density is
limited by abundance of streptavidin and origami”), we assumed that free streptavidin
molecules do not significantly contribute to the dynamics, ¢; {,,s < ¢4 (4. After inserting Eq.
(S12) back into the force balance equation, Eq. (S8), one obtains the following relation

between cargo molecule and MinD protein gradients:

Ve, =——2—v,, (s13)

with typical interaction density ¢y = &,/{,4. In the equilibrium state, where the fluxes of
cargo molecules vanish j, = 0, the distribution of the cargo molecules will be determined by

the distribution of MinD proteins, the abundance of molecules in the assay, and the
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Lambert W-function. The Lambert W-function is defined as the inverse function of f(x) = x e* and
has two real branches, Wy and W_;.

interaction density cy. Therefore, the local cargo density will have the form ¢, (¢, ¢x, ¢g, Cp).
Thus, by using the chain rule of differentiation, one can fully eliminate all gradients from Eq.

(S13) to obtain the following ordinary differential equation:

0¢ _ __ % (s14)
dcy cx +cg

Alternatively, one can also obtain the ordinary differential equation (S14) by integrating Eq.
(S13) over an arbitrary infinitesimal line segment ds, and performing a change of variables
ds - Vc = dc. Eq. (S14) can be solved by integration, and yields the following relationship
between the cargo molecule density and the MinD protein density:

cg(cp) = cx Wy Cgcio) exp <Cg Ol Cp)] . ( S15, )

Cx 3 in main text

Here, W, refers to the principal branch of the Lambert W-function, which is defined as the
inverse function of f(x) =xe* (cf. illustration “Lambert W-function”). In terms of

fluorescence intensities, I; = a,c, and I, = a, ¢y, Eq. (S15) can be rewritten as

L(1,) =71, W, [Ig © exp (Ig(O) - I—p>] , (S16)

r Iy rl, Iy
where we have defined the fluorescence ratio r = ay/a, and the typical MinD intensity
corresponding to the interaction density I, = ap,cy. In our experiments, we controlled the

abundance of all fluorescent molecules.

Our experimental data were collected over a set of experiments performed on different days.

Each set of samples (that were measured on a particular day) contains at least one
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measurement that was performed with cargo-1. Thus, as reference values for each day, we
used the mean fluorescence intensities of the different channels in the cargo-1 samples. Then,
we normalised all fluorescence channels to their respective reference values. Since the
normalised average fluorescence intensity of the DNA origami is 1.0 for the cargo-1 samples
and their average density is 313 um™2 (assuming that all DNA origami bind to the membrane),
we estimated the (normalised) fluorescence yield of a DNA origami/cargo molecule as a5 =
3.2 X 1072 um?. The MinD monomer density in the MinD maxima reaches a value of about
13 200 um~2 12, Thus, by measuring the normalised fluorescence intensity in the MinD
maxima (1.47, normalised to the average MinD fluorescence), we estimated the fluorescence
yield of a MinD dimer as @, = 2.2 X 10~* pm?. This results in the following fluorescence
ratio: r ~ 14.5. Having estimated the fluorescence ratio r from our experiments, we then
fitted Eq. (S16) to the experimental data, with I, as fit parameter (Fig. 3a in the main text and
Extended Data Fig. 3b). Then, we determined the interaction parameter, 51 = (apcx)_1 =
It (ap/ap) x (py; here, a,, refers to the MinD fluorescence yield and a,, refers to the size of
a MinD dimer. Our fitting procedure confirmed our initial expectation {,; = {,,, + 1 {ps, as

can be seen from Fig. 3b in the main text and Extended Data Fig. 5h*.

6. Diffusion coefficient of cargo molecules
Our theory suggests that increasing the surface density of membrane-bound molecules (MinD,
streptavidin, or cargo) will also increase the friction that each molecule experiences;
specifically, Eq. (S8) states that each molecule not only transfers momentum to the
membrane, but also to surrounding molecules. Thus, we expect that the diffusion coefficient
of all molecules depends on the local density of membrane-bound molecules, as we have
demonstrated with Eq. (S12) for the expected diffusion coefficient of MinD. To further
validate our model, we determined the (mesoscopic) diffusion coefficient of the cargo
molecules from our theory, and then compared these predictions with experimental data on
the (microscopic) diffusion coefficient of cargo molecules that we obtained from single

particle tracking.

X The absolute value of the fitted interaction parameter is smaller than the value that we have estimated for our
full model (cf. Supplementary Table 1), because we have neglected saturation effects in deriving our fit curve,
Eqg. (S16). As discussed in section 1.5 “Flory-Huggins theory of mixing: an equilibrium picture”, saturation effects
strongly counteract the buildup of cargo gradients and thus require a stronger coupling parameter {,, to
generate significant cargo gradients.
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To obtain theoretical predictions, we neglected membrane saturation effects analogously to
section 1.5 “Analytic solution and fitting of reduced model”, so that the chemical potential of
a particle with size a; reduces to y; = kgT In(a;c;). Furthermore, because the number of free
streptavidin molecules is typically small (see section I.2 “Cargo density is limited by abundance
of streptavidin and origami”)!, we neglected the density of free streptavidin molecules (¢ ~
0). Then, the effective force-balance equation, Eq. (S8), takes the form of a generalized Fick’s
law for the cargo fluxes, where gradients in the cargo molecule density (Vc,) relax with a
density-dependent diffusion coefficient Dy(c, ):
kgT

j,~ ————— V¢, = —-D,(c,) Ve, . (s17)
Jg E 0y lpg Y g( p) 9

By substituting the typical interaction density ¢, = &,/{54, the diffusion coefficient of cargo
molecules in the dilute limit D_g = kT /¢4, and the diffusion coefficient of MinD proteins in
the dilute limit Dy = kpT /£, one obtains:

Dg
14 (Dg/Dp)(cp/cx)

Dy(cy) = (S18)
We measured the diffusion coefficient of cargo-2 and of cargo-42, D2, in the dilute limit (Fig.
3c in the main text). The diffusion coefficient of membrane-bound MinD proteins in the dilute
limit was assumed to be Dz? ~ 0.425 um?s™1, based on single particle tracking data from
Loose et al'. Using these data and the interaction parameters that we obtained by fitting the
reduced model, Eq. (S16), to the experimental data (cf. Fig. 3a in the main text and Extended
Data Fig. 3b for examples of the fits as well as Fig. 3b in the main text and Extended Data Fig.
5h for the fitted interaction parameters), we then predicted how the diffusion coefficient of a
cargo molecule should change in the presence of MinD, in reference to its diffusion coefficient
in the dilute limit. Comparing our prediction of the diffusion coefficient with experimental
measurements, we found good agreement (Fig. 3c in the main text and Extended Data Fig.

5a). Specifically, we also found that cargo with more streptavidin blocks is affected less by the

''The assumptions made in section 1.2 “Cargo density is limited by abundance of streptavidin and origami” should
remain valid for the single particle tracking experiments even though the overall densities are about 100 times
lower, as the ratio between membrane-bound streptavidin (biotinylated lipids) and DNA origami is kept similar:
We use 100 times less biotinylated lipids (0.01%) and 100-1000 times less DNA origami than in the other
experiments.
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presence of MinD, because the base value of its diffusion coefficient (in the dilute limit) is

much smaller (Fig. 3¢ in the main text and Extended Data Fig. 5a).

7. Determining the spatial distribution of multiple cargo species
The numerical computation of the cargo distributions in response to an imposed spatial profile
of MinD, when multiple cargo species are present in the assay, were performed analogously
to the numerical computations for only one cargo species by determining the corresponding
boundary value problem. Specifically, note that in deriving our Flory-Huggins and
phenomenological Maxwell-Stefan type models, we have already considered two passive
species (cargo and streptavidin molecules). Adding one more cargo species does not introduce
new physical concepts. Thus, it is straightforward to extend these equations by one additional
chemical potential for the second cargo species (cf. Egs. (S2a), (S2b), (S2c), (S4) and (S5)) and
one additional equation for the flux of the second cargo species (i.e. so that there are three
passive species), just by following the calculations that we have already presented for two
passive species™. These calculations then yield an additional partial differential equation that
determines the distribution of the third passive species in response to the spatial profile of
MinD proteins (cf. Egs. (S6a) and (S6b) for the Flory-Huggins type model and Egs. (S10a) and
(S10b) for the phenomenological Maxwell-Stefan type model). Similarly, this procedure also
yields an additional partial differential equation for the cumulative coverage of the third
species, cf. Egs. (S6¢) and (S6d), which enforces the mass conservation of the additional
density field. Furthermore, for the sake of simplicity, we assumed equal abundance of all
different cargo species on the membrane"; analogously, in our experimental assays we also
provided an equal abundance of different DNA origami (i.e. with different numbers of

biotinylated oligonucleotide handles).

™ As the number of species increases, these equations become increasingly complicated. Thus, we used a
symbolic math package (SymPy for Python)® to determine the constitutive equations and translate them into
matrix form.
" In principle, it is possible that different cargo molecules (i.e. cargo molecules with different numbers of
biotinylated oligonucleotide handles on the DNA origami) are present at different surface densities even though
they have the same abundance in the assay. Specifically, DNA origami with more biotinylated oligonucleotide
handles have a stronger binding to the membrane, while all DNA origami experience an entropic penalty for
binding due to volume exclusion effects. Here, however, we have not considered a detailed theory of such a
competitive binding as it mostly affects the time frame before the beginning of the actual experiments.
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1. Discussion of alternative thermodynamic transport mechanisms

In the following, we will first elaborate that neither depletion attraction (section I.1
“Depletion attraction cannot explain cargo transport”) nor a volume exclusion by immobile
MinD proteins (section 11.2 “Static volume exclusion cannot explain cargo transport”) can
explain the cargo transport phenomenon that we observed in our experiments. Then, we
revisit our previous Flory-Huggins and phenomenological Maxwell-Stefan type theories, and
ask how they behave in the limit of small densities (section 1.3 “Flory-Huggins mixing in the
limit of small densities”), i.e. when steric repulsion between different cargo molecules can be
neglected on a mesoscopic scale. Finally, we discuss that we do not expect a significant impact
of cargo on the MinDE reaction kinetics (section I.4 “Significant impact of cargo on MinDE

reaction kinetics is unlikely”).

1. Depletion attraction cannot explain cargo transport
Depletion attraction arises from a classical entropic effect, where finite-sized molecules (like
MinD) can access a larger spatial region if larger molecules (like DNA-Origami) “clump”
together?; see Fig. 6 in the main text for an illustration. This results in effective (Asakura-
Oosawa) depletion forces?? that act on the larger molecules and which are proportional to the
concentration of the smaller molecules, c,. Phenomenologically, one can represent this
depletion attraction as a negative pressure, p < —c,. If the concentration of the smaller
molecule, ¢y, is spatially heterogeneous, then this will result in effective pressure gradients,
—Vp x Vc,. Consequently, one would expect depletion attraction to lead to an accumulation
of cargo molecules in MinD-rich regions. Because this expectation contradicted our
experiments, we concluded that depletion attraction plays no significant role for cargo
transport. Furthermore, we did not observe depletion-force-induced aggregation of cargo

molecules when MinD was homogenously distributed (Extended Data Fig. 1).

2. Static volume exclusion cannot explain cargo transport
To simplify our experimental setup as much as possible, suppose that membrane-bound MinD
proteins act as static obstacles of size a,, and surface density ¢,,. Then, such obstacles locally
occupy a fraction 6,, = a,c, of the surface, thereby reducing the space accessible by the cargo
molecules. In thermal equilibrium, cargo molecules spread uniformly across the accessible

space, which implies ¢; X Ofee = (1 — Gp) for the cargo molecule density. Formally, one way
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that this expectation can be seen? is by solving for the steady-state solution of cargo diffusing

in a porous medium:

ang = V[Dg Ofree V(Cg/efree)] . (519)

A porous medium is best explained by comparing it to a sponge. Let us suppose that the pores
in this sponge contain a solution. A concentration difference across nearby pores corresponds
to an osmotic pressure and leads to solute fluxes between these pores. In the end, all pores
will contain the same concentration of solute (cg/Gfree). Here, an onlooker that doesn’t know
about the existence of these pores (e.g. if one were to only image radioactively labelled solute
particles) will observe a local concentration of ¢ 4, which will in general not be homogeneous.
Eqg. (S19) corresponds to the continuum limit of such a porous medium. In our case, MinD
takes up space on the membrane, and thus the MinD-free areas can be interpreted as “pores”.
Eq. (S19) then corresponds to Darcy’s law??, with a local osmotic pressure that is proportional
to the local particle density Cg/t9free in each “pore”. This relation shows that protein gradients
may induce cargo gradients solely by locally reducing the accessible space. However, it also
implies that the resulting distribution of cargo molecules does not depend on any intrinsic
features of the cargo molecules, contradicting our experimental observations (Fig. 1d-g in the
main text). We conclude that MinD proteins do not act as static obstacles for the cargo

molecules.

3. Flory-Huggins mixing in the limit of small densities
We have seen in section I.3 “Flory-Huggins theory of mixing: an equilibrium picture” that, in
principle, entropic mixing effects may lead to a gradient of passive particles (cargo or
streptavidin molecules) in response to a gradient of active particles (MinD proteins). This
phenomenon originates from volume exclusion effects (cf. second term in the proximal
chemical potential of cargo, Eq. (S2a), and the equivalent second term in the total chemical
potential of cargo, Eq. (S5)) and the corresponding steric repulsion between diffusing cargo
and diffusing MinD proteins. However, there must also be a steric repulsion between the bulky

DNA-origami scaffolds of the cargo molecules (cf. second term in the distal chemical potential

° Another way to see this expectation is by writing down the Flory-Huggins mixing entropy (cf. section 1.3 “Flory-
Huggins theory of mixing: an equilibrium picture”) and the resulting equilibrium condition, but with the distinct
difference that the MinD proteins may not move at all and thus reduce the accessible volume: f/(kgT) =
Ofree 2i(Ci/Ofree) IN(B;/Ofree). This constrains the possible distribution of particles more strongly than only an
imposed spatial profile of MinD, as we have done in section 1.3 “Flory-Huggins theory of mixing: an equilibrium
picture”.
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of cargo, Eq. (S4), and the equivalent third term in the total chemical potential of cargo, Eq.
(S5), which diverges logarithmically as the local cargo density approaches saturating values by
covering the whole locally available membrane area), which counteracts the buildup of cargo
gradients. Thus, as we have seen, at the particle densities in our experiments, mixing effects

alone cannot account for the strong density gradients of passive particles.

Yet, one may ask: what if the cargo density is much smaller than in our setup, so that
mesoscopic volume exclusion effects between different DNA-origami scaffolds may be
neglected? Then, we can drop the second term of Eq. (S4), which would diverge
logarithmically at high densities and which is equivalent to the third term of Eq. (S5), so that
the total chemical potential of membrane-bound cargo in our Flory-Huggins model is given by:

#kgT(;) =In[0,(x)] —nln[1 — 6, (x) — O5(x) — 6,(x)], (S20a)
where we have neglected constant contributions. The fraction of the area covered by the DNA
origami scaffolds, 8,(x), is related to the area fraction covered by the cargo’s streptavidin
blocks, 8,(x), as follows: 8,(x) = 8,(x) (7 a;)/(n a,). Furthermore, the chemical potential

of free streptavidin molecules is given by (cf. Eq. (S2b)):

% = In[65(x)] — In[1 — 6, (x) — Os(x) — 6,(x)]. (S20Db)
We assume that the passive cargo molecules and the free streptavidin molecules reach an
equilibrium state in an adiabatic response to the distribution of active MinD proteins, so that
gradients in the chemical potential vanish, Vug(x) = 0 and Vug(x) = 0. Note that this
equilibrium condition is equivalent to ug(x) = cst and us(x) = cst. Then, we solve the
equation pg(x) = cst for 65 and set the (general) boundary values 65(0) and 6, (0) to obtain

the following equation for the local amount of free streptavidin molecules:

65(0)

% =1"6,00)

[1-6,—-6,]. (S21a)

By inserting Eq. (S21a) into Eq. (S20a), solving the equation p4(x) = cst for 6, and setting
the (general) boundary value 99(0), this yields the following implicit equation for the local
amount of cargo molecules:

1
6y(55)|"

0.0 (S21b)

O =1-04(6,) — [1 - 6,(0)] [
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Cross-correlation between cargo coverage and MinD coverage at very low cargo densities. To obtain
this graph, we have used Eq. (S21b) and the relation 8,(x) = 8,(x) (7 a;)/(n as) = 04(x) (70/n).
Furthermore, we have assumed that the cargo molecules do not exceed (a) a coverage of 0.1, which
is 1 order of magnitude smaller than the typical values in our experiments, or (b) a coverage of 0.01,
which is 2 orders of magnitude smaller than the typical values in our experiments.

As the illustration “Cross-correlation between cargo coverage and MinD coverage at very low
cargo densities” shows, at large densities of MinD proteins (similar to our experiments) it
would be possible to generate a gradient in the cargo molecules even without a
diffusiophoretic mechanism if the density of cargo molecules is sufficiently small (one or two

orders of magnitude smaller than in our experiments).

In a cell, the density of MinD proteins is expected to be smaller than in our experimental setup.
Thus, we have also tested in our model whether one would still expect a pattern in the passive
cargo if the density of MinD was one order of magnitude smaller, and if the density of passive
molecules was one or two orders of magnitude smaller than in our experiments. As the
illustration “Low MinD and low cargo density” shows, a diffusiophoretic mechanism leads to

much stronger gradients in the cargo molecules than entropic sorting effects.

Our theoretical analysis in this section thus shows: if the cargo density is much smaller than in
our experimental assay, then mixing effects can readily build up cargo gradients as long as the
MinD density remains high (cf. illustration “Cross-correlation between cargo coverage and
MinD coverage at very low cargo densities”). If the MinD density is also reduced compared to
our experiments, then a diffusiophoretic mechanism is mandatory to create significant cargo

gradients (cf. illustration “Low MinD and low cargo density”).
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Low MinD and low cargo density. We tested our model in a regime where the MinD density is one
order of magnitude smaller than in our experiments. a,b Cargo coverage one order of magnitude
smaller than in our experiments. Model parameters: (cargo-2) average coveragesB_p = 0.00825, 8, =
0.0149 and 6, = 0.055; interaction parameter (in terms of MinD coverage) 651 = 220 ; (cargo-42)
average coverages @ = 0.00825, ; = 0 and 6, = 0.028; interaction parameter (in terms of MinD
coverage) 651 = 620. Surface coverages 8 = a c and surface densities ¢ are related via the particle
size a. c,d Cargo coverage two orders of magnitude smaller than in our experiments. Model
parameters: (cargo-2) average coverages 9_p = 0.00825, 85, = 0.00149 and 8, = 0.0055; interaction
parameter (in terms of MinD coverage) 65 = 220 ; (cargo-42) average coverages @ = 0.00825,
0 = 0 and 6, = 0.0028; interaction parameter (in terms of MinD coverage) Ox* = 620. Surface
coverages 8 = a c and surface densities c are related via the particle size a.

4. Significant impact of cargo on MinDE reaction kinetics is unlikely
As the MiInDE distribution was influenced by the presence of cargo, we wondered whether
cargo may change the kinetic (un)binding rates of MinDE. To answer this question, we
analysed the average fluorescence intensity of the patterns, i.e. the membrane density of the
molecules. While we found that the density of streptavidin and MinD were relatively similar
for all conditions, the density of membrane-bound DNA origami decreased by roughly 44%
when we increased the number of streptavidin building blocks from 1 to 42 (Extended Data
Fig. 2c-e). The latter suggested that the average density of membrane-bound streptavidin,
which remained unaffected, is the limiting factor for binding of DNA origami to the membrane
(see section 1.2 “Cargo density is limited by abundance of streptavidin and origami” for
details). As the presence of cargo did not change the average membrane density of MinD
(Extended Data Fig. 2d), it is unlikely to significantly affect their (un)binding rates.

Furthermore, cargo always accumulated in regions where both the MinD density and thus
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protein recruitment to the membrane are already low, and is thus unlikely to significantly

hinder protein (un)binding.

Cargo and streptavidin molecules have a strong membrane affinity and negligible detachment
rates®. Therefore, MinD-induced detachment of cargo or streptavidin from the membrane is

highly unlikely.
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L. Discussion of related non-equilibrium transport mechanisms

In the following, we will relate our Maxwell-Stefan-like phenomenological approach to
diffusiophoresis to a commonly employed hydrodynamic theory for 3D solutions??-3> which
was pioneered by Derjaguin®3. In particular, we will follow the reasoning and calculations by
Marbach & Bocquet?!, as well as by Golestanian3? to derive a phoretic drift velocity for
uncharged particles. We will place special emphasis on the assumptions underlying these
calculations and discuss their validity for our experimental system. Taken together, the
analysis below will show that diffusive fluxes are essential to obtain a finite diffusiophoretic

drift velocity.

1. lllustrative derivation of the diffusiophoretic drift velocity in 3D solutions
We assume that the passive cargo molecules are much larger than the MinD proteins. This
approximation should be appropriate for the DNA origami scaffold of the cargo molecules
since we use DNA-Origami with a size of 110 X 16 nm and a MinD dimer has a size of
5 X 5 nm (although this size difference creates only a weak length scale separation along the
DNA-Origami’s long axis). However, this assumption may not be strictly valid for streptavidin
moleculesP, which have roughly the same size as a membrane-bound MinD dimer (5 X 5 nm).
Although the following calculations have limited applicability to our experimental setup with
only weak length scale separation between cargo and solute (while being perfectly valid for
colloidal systems), they will conceptually illustrate how diffusiophoretic transport may emerge

from microscopic interactions.

The approximation that the length scales of cargo and of the MinD dimer separate allows one
to consider the MinD proteins as a solute field with density c,, whose temporal evolution is

given by the Smoluchowski equation,
D, _ .
0rcp, =V - |DpVe, + cpkB—TVll’ —cpv|[=-V-j,. (S22)
Here, ¥ denotes the interaction potential between the MinD proteins and the cargo, and v

refers to the local advection velocity due to flow in the surrounding fluid. As we will show

below, the interactions ¥ between MinD proteins and the cargo will induce a slip flow v in

P A more general treatment would require describing the hydrodynamic interactions between solute molecules

with the Rotne-Prager tensor. Here, we will not carry out such a calculation, especially since additional caveats

(discussed below in more detail) like the coupling between 2D fluid membrane and 3D aqueous solution apply.
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the surrounding fluid. Furthermore, we put ourselves in the (moving) reference frame of a

cargo molecule, and consider the cargo molecule as a rigid one-dimensional wall placed at

position z = 0. Since all particles involved in the process are small, we assume that the fluid
dynamics is described by a stationary Stokes flow at low Reynolds number,

nAv —VP —c,V¥ =0, (S23a)

V-v=0. (S23b)

Here, the field P denotes the local pressure in the fluid. The velocity field v also advects the

MinD proteins, cf. Eq. (§22). In the third term of Eq. (S23a), the body force acting on each

MinD protein due to its interaction with the cargo molecule is transferred to the fluid, which

drives the fluid flow v.

There are several important reservations one might have with regard to the above approach:
(i) First, the typical mean free path between two membrane-bound particles in our
experimental system is only 46 A, which amounts to roughly 15 water molecules. Continuum
hydrodynamic approaches are typically valid down to a molecular scale of 10 A, below which
the microscopic properties of water (i.e. viscosity) begin to significantly deviate from its bulk
properties3®. Thus, if any two MinD dimers or streptavidin molecules come closer than 10 A
(which may happen fairly regularly given that their average distance is only 46 A), then a
continuum hydrodynamic theory loses its validity at such small scales and one needs a
particle-based kinetic analysis. (ii) Second, the above theoretical approach (more specifically,

Eq. (S23a)) is based on the assumption that the Reynolds number is small (Re < 1). With the
Reynolds number given by Re = 1;—L, where L is the typical length scale of the fluid flow, this

requires a relatively small fluid flow velocity. To estimate whether this assumption is valid for
our experimental setup, we have to investigate the typical velocity of the particles at the
molecular scale. The typical length scale of the corresponding hydrodynamic problem is L =
46 A and the kinematic viscosity of water at 20°Cis given by’ = 1 x 10~®m?s L. The typical
velocity of the fluid between two membrane-bound particles should be in the range between
the thermal velocity of these particles and the thermal velocity of water molecules. In the
following, we will estimate the typical thermal velocity of a particle as the root mean square

velocity:
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V{v?) = fk—BT, (S24)

m

where f refers to the number of translational degrees of freedom (f = 2 for 2D motion and
f = 3 for 3D motion). MinD dimers have a molecular weight of 66 kDa, while streptavidin
molecules (tetramers) have a molecular weight of 53 kDa. These membrane-bound molecules
are confined to planar 2D motion and thus (at 20°C) move with a thermal velocity of 8.6 ms™!
and 9.6 ms~! for MinD dimers and streptavidin, respectively. Water has a molecular weight
of 18 Da and may move in the whole 3D solution, thus with a thermal velocity of 637 ms™!.
Consequently, the Reynolds number will typically be in a range between Re ~ 0.04 (if the fluid
moves at the thermal velocity of a MinD protein) and Re ~ 2.9 (if the fluid moves at the
thermal velocity of a water molecule)?. These estimates suggest that at the given length scales
one might have to take into account the momentum terms of the Navier-Stokes equations,
thus possibly invalidating Eq. (S23a). (iii) Third, the Knudsen number for the membrane-bound
particles, which relates the molecular free path to the molecular scale (5 nm for a MinD dimer
or a streptavidin molecule), is only Kn ~ 0.92. At such small length scales, any gas (which can
also mean a gas of solutes) will begin to show hydrodynamic properties like viscosity. In the
case of MinD proteins, this is suggested by the density-dependence of their diffusion constant,
which decreases as the surface density of MinD increases®. For a gas, it is possible to derive
these hydrodynamic properties from the Boltzmann equation with the Chapman-Enskog
theory3®". (iv) Fourth and finally, in the above approach one considers a single fluid only, while

actually in our experimental setup there are two fluids with different viscosities: a 3D half-

space of water and a 2D lipid bilayer that contains membrane-bound molecules.

With these reservations in mind, we will in the following explore the consequences of the
above approach to our experimental system. Despite the possible limitations in applicability,
it will provide important conceptual insights into the mechanisms underlying diffusiophoresis.

Thus, we will now turn to analyse the continuum approach for a cargo particle that is much

9The lipid bilayer membrane is a fluid whose kinematic viscosity should be significantly larger than that of water.
Specific values are 0.06 Pa s for the dynamic viscosity of a 5 nm thick membrane of DOPC’®. Assuming a close
packing of the phospholipids where each phospholipid takes up 1042, and taking the typical mass of a DOPC
molecule’t as 786 Da, this results in a kinematic viscosity of 23 X 10~°m?s~1. Thus, any flow in the liquid upper
leaflet of the supported lipid bilayer will be associated with smaller Reynolds numbers.

" Here, a careful theoretical treatment would be needed. The Chapman-Enskog theory is typically applied to
gases, where particles only interact via collisions. In our case, particles may also interact via hydrodynamic
interactions.
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X
Simplified geometry of a cargo which is surrounded by solute molecules and fluid. We approximate
the cargo molecule as a rigid wall by assuming that there is a length scale separation between cargo
and solute.

larger than the MinD proteins. Due to the separation of length scales, we consider the surface
of the cargo molecule as a solid wall (cf. illustration “Simplified geometry of a cargo which is
surrounded by solute molecules and fluid”). The interaction potential, ¥ (z), should only
depend on the relative distance between a MinD protein and the wall. We assume that the
cargo is rigid and thus that the wall is impermeable, so that the flow velocity and the particle
fluxes along the normal axis (z-axis) vanish: v, = 0 and j,, , = 0. Then, in the stationary case,
Eqg. (S22) reduces to a balance between a diffusive flux and an advective flux due to the
interaction potential ¥ (z):

CpDp
kT

D,d,¢, + 2L 3,¥(2) = 0. (525)

By integrating this expression over z, one obtains a Boltzmann-like protein profile,

Y(z)
kBT !

cp(2) = co €Xp [— (S26)

where ¢, corresponds to the far-field concentration of the MinD proteins. Similarly, by using
v, = 0, the z-component (perpendicular to the interface defined by the cargo molecule) of
the Stokes equations, Eq. (S23a), yields the following force balance equation between the

pressure gradient and the potential force 9,%:
0,P = —c,d,¥. (827)

Again, integrating once over z yields an expression for the hydrodynamic pressure field:
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Y(z"
kT

z L4
v
P, —P(2) = —cm] dz' 9,¥(z") exp [— = —coof d¥ exp [—— . (528)
© Yo kBT

Next, we require that the interaction potential vanishes in the far field, lim ¥(z) = ¥, = 0,
Z—00

and thus obtain the following expression for the hydrodynamic pressure field

¥(2)
kgT

P(z) = Py + kpTeo [exp (— ) - 1] = P+ kT (cy — €. (529)

Here, P, refers to the hydrostatic pressure in the far field, where the ambient fluid is at rest.
In Eq. (529), the term ¢, kgT can be identified as a local osmotic pressure that is induced by
interactions between MinD proteins and the cargo wall. As there is a density gradient of
solutes in the far field, d,.c., the resulting pressure gradient drives fluid flow parallel to the
cargo surface, i.e. along the x-axis. Furthermore, since our simplified geometry consists of an
infinite wall as the cargo surface, we assume that the fluid flow is translation invariant along
the x-axis, 0, v, = 0 and therefore d2v, = 0 (i.e. we assume that variations along the x-axis
are significantly smaller than variations along the z-axis because of the separation of length

scales). Then, we obtain the following equation for the x-compotent of the velocity field:

Y (2)
n02v, = 0,P = kgT |exp| — — 1| 0,¢c0 - (S30)
T

This relation can be integrated using no shear stress boundary conditions in the far field,

0,Vx|;-% = 0. One obtains:
f dz z 02v, = [z 0,0, )7 f dz 0,0, = —Vy|z00 + 5(0). (S31)

Finally, we use no-slip boundary conditions at the cargo surface, v,(0) = 0, to obtain the far-

field fluid slip velocity:

- kBTde LACANY (s32)
VUylzom = ) Z Z |exp kT Coo -
Returning to the lab frame, the cargo slip velocity is given by*:
= +—f dz z |exp Y@ — 1| 0,Cep - (S33)
kBT xtoo

$ This is equivalent to assuming that the fluid is at rest in the far field, vy|,., = 0, and computing the
corresponding boundary velocity v, (0).
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For purely steric hard-sphere interactions between MinD and the cargo molecules,

v ={y 158 (s34)
Z) =
0, z>R,
we can explicitly perform the integral in Eq. (S33). Then, the diffusiophoretic slip is given by
kyT RZ
v, = —%%ch. (S35)

Thus, we have recapitulated the conceptual calculations by Marbach & Bocquet??, as well as
by Golestanian3? to show how a density gradient of proteins can induce a diffusiophoretic drift
(advection) via hydrodynamic interactions and an interaction potential. In the next section,

we will discuss these results in depth.

2. Diffusiophoretic drift requires solute fluxes
At first glance, Eq. (S35) could be interpreted as a diffusiophoretic drift which is driven by a
density gradient of solute molecules (in our case the MinD proteins). However, such an
interpretation overlooks the fact that according to Fick’s laws, particle density gradients and
fluxes are closely related. Using the Stokes-Einstein relation for the diffusion coefficient of the
solute molecules (MinD, assuming spherical particles in 3D solution), D, = kgT /(67nR,), and

Fick’s first law, j, = —D,, V¢, Eq. (S35) can be rewritten as
v, = —3nR}; D,Vc, = 3nR; j, - (S36)

In this form, the equation for the diffusiophoretic slip velocity reveals that the diffusiophoretic
drift of a cargo molecule (in 3D and at low densities) is directly related to the diffusive flux
Jp of the solute molecules (MinD). Consequently, while from Eq. (S35) one could conclude
that a finite gradient V¢, of solute molecules (MinD) is sufficient to observe a diffusiophoretic
effect, Eq. (S36) shows that actually finite solute fluxes j, are required. To further elucidate
this point, let us suppose that there are no fluxes of solute molecules in the laboratory frame,
and that instead their spatial distribution is fully determined by some stationary trapping

potential Vt. Then the total flux of solute molecules in the laboratory frame becomes:

Dac +22ay =0 ($37)
pOxCp T T %V =T

' Such a trapping potential could be realized via an electrostatic field that selectively acts on charged solutes but
does not affect the electrically neutral cargo. Typically, such an electrostatic field will lead to an electrophoretic
current of the charged solutes. In a closed container, this electrophoretic current will eventually be balanced by
a diffusive flux, yielding a steady state with a vanishing net flux of the charged solutes.
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Inserting Eq. (S37) (flux-free steady state condition of the Smoluchowski equation in the
laboratory frame) into Eq. (S22) (Smoluchowski equation in the co-moving frame of the cargo,
in steady state and in addition also considering the trapping potential V), and using translation
invariance of the interaction potential ¥ along the x-axis, this yields the following balance
equation for the x-component of the flux of solute molecules in the co-moving frame of the
cargo molecule:

cpDp

—Jpx = DpOxcp + ipT

0,V — cpvy = —Cpvy . (S38)

Thus, if the advective fluxes that arise from some potential VV and the diffusive fluxes balance
in the laboratory frame, then the net flux in the co-moving frame will be determined solely by
the velocity v, of the co-moving frame and the local density c,,. In addition, as before, we
assume that the cargo is rigid and thus that the cargo wall is impermeable, so that the fluid
flow velocity and the particle fluxes along the normal axis (z-axis) vanish, v, = 0 and j, , = 0.
Together with the steady-state condition, d;c, = =V - j,, = 0, and the incompressibility of
the fluid, V- v = d,v, + 0,v, = 0, v, = 0 (equivalent to the translation invariance that we

have assumed before), this gives:
V. jp=v,0xc, =0. (S39)

Thus, there is no diffusiophoretic slip velocity (v, = 0) and the diffusiophoretic cross-mobility
vanishes if there are no solute particle fluxes". In that case, the distribution of cargo particles
in response to the solute particles reduces to an equilibrium problem, which has been
discussed in sections 1.3 “Flory-Huggins theory of mixing: an equilibrium picture” and 11.2
“Static volume exclusion cannot explain cargo transport”. In summary, the main insight gained
in this paragraph is that a diffusiophoretic slip of the cargo molecule can only occur if there
are solute (MinD) fluxes. In contrast, in the absence of particle fluxes, the spatial distribution
of all particles is determined solely by a free energy functional, i.e. by the laws of equilibrium

thermodynamics.

Y Another way to see this is by starting with the hydrodynamic pressure field, Eq. (S29), but with a position-
dependent hydrostatic pressure in the far field: P(x, z) = Po(x) + kBT(cp - cm). Assuming that the fluid is at
rest in the far field, where the interaction potential vanishes, the x-component of the Stokes equations, cf. Eq.
(S23a), in the far field is then given by 0,P, + ¢, 0,V = 0. If the distribution of solutes in the far field is
determined by the potential V, cf. Eq. (S37), then the total driving force of the fluid vanishes, d,P(x,z) +
0,V = 0, which implies a vanishing diffusiophoretic slip velocity (i.e. the boundary velocity v,.(0) vanishes).
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3. Relation to our phenomenological approach to diffusiophoresis
The hydrodynamic approach discussed in sections Ill.1 “lllustrative derivation of the
diffusiophoretic drift velocity in 3D solutions” and I11.2 “Diffusiophoretic drift requires solute
fluxes” relies on the assumption that particle densities are small. In the following, we will
compare these results to the corresponding results of our Maxwell-Stefan-like
phenomenological theory in the limit of small densities. We will indicate analogous terms in
square brackets. The hydrodynamic approach, Eqg. (S35), yields the following relation for the

net flux of cargo molecules:
Jjg = —DyVcy — c,[3nR3|[D,Vc,] . (S40)

The corresponding current for the cargo molecules obtained from the Maxwell-Stefan-like
phenomenological theory, Eq. (S8), in the limit of small densities (where self-diffusion is

density-independent) and for two interacting particle species reads:

kB—TVc —Cqg [{pg] [kB—T ch] . (541)

Jo = =%, 99 g, [,

In our experiments, the resulting patterns are in a steady state (cf. Fig. 1b in the main text).
The solute (MinD) molecules are in a nonequilibrium steady state with a finite flux j,, # 0, due
to their ATP-driven membrane (un)binding dynamics. In contrast, the passive cargo molecules
(which are permanently bound to the planar membrane) can only relax towards a thermal

equilibrium state with vanishing fluxes j, = 0.

Solving Eq. (S40) in the flux-free steady state, one finds that the distribution of cargo

molecules in response to a gradient of proteins in a 3D solution is given by:

cg(cp) = c4(0) exp[—3mR2R, cp] . (542)
We can rewrite this equation, Eq. (§42), in terms of the volume fraction that is occupied by

_ 4 _p3 i
solute, 8, = gancp, and obtain:

9R
c;(6,) = ¢,(0) exp [—ZR—Q 9,,] : (S43)
4

Analogously, Eq. (S41) yields
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cy(cp) = c5(0) exp [— ?—g cp] = ¢, (0) exp [— z—p] ) (S44)
P x

where we have defined the typical interaction parameter in the same way as in the main text
cxl= Cpg/&p- In the main text, we have then expressed the interaction parameter in terms
of the solute size (2D projected area), 631 = 1/(apcx), where the surface fraction occupied

by solute is given by 6, = a,c,.

We note that the stationary distributions that result from the 3D hydrodynamic theory, Eq.
(S43), and from our Maxwell-Stefan-like phenomenological approach to particle diffusion on
a 2D membrane, Eq. (S44), have identical mathematical form in the low-density limit.
Furthermore, the corresponding transport equations that describe the dynamics before the
onset of the steady state, Egs. (S40) and (S41), are also formally equivalent. Keeping in mind
all of our reservations concerning the applicability of the 3D hydrodynamic theory to our
experimental setup (cf. section Ill.1 “lllustrative derivation of the diffusiophoretic drift velocity
in 3D solutions”), we make a leap of faith and assume that Eqgs. (S43) and (S44) are identical.

Then, the interaction parameter 85! would be given by
_9R,

_1___ 4
o =T (545)

where R, is the radius of a cargo particle and R, is the radius of a solute molecule (MinD
dimer). For cargo molecules that are 22 times larger in diameter than the solute molecules
(naively approximating the rod-like cargo as a sphere of radius 110 nm and the MinD dimer
as a sphere of radius 5 nm), this yields a value of 851 ~ 50. In comparison, our fitting
procedure of the reduced model (cf. Fig. 3b in the main text and Extended Data Fig. 5h) yielded
typical values around 85 ~ 10", while in our full model we used typical values around 81 ~
300%". While this comparison between the interaction parameters that one would expect from
a 3D hydrodynamic theory and our 2D interaction parameters neglects many important details
like the geometry of the problem, it illustrates conceptually that hydrodynamic interactions
between different particles might actually be sufficient to drive a diffusiophoretic drift in our

experiments. Given the relevance of 2D surfaces (membranes) and membrane-bound proteins

VY To obtain our fit curves, we neglected entropic repulsion between different cargo molecules that arises due to
volume exclusion. In doing so, our fitted parameters are likely smaller than the “true” interaction parameters.
W As discussed in section 1.3 “Flory-Huggins theory of mixing: an equilibrium picture”, for our full model we used
a strong entropic repulsion term for the DNA origamis that originates from Flory-Huggins theory. Assuming an
ideal solution instead yields a weaker repulsion and thus requires weaker interaction parameters.
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for all forms of life, we believe that it might be interesting to generalize the current framework

of diffusiophoresis332 to a 2D+3D hydrodynamic setting.

In closing we would like to note that there may also be a second mechanism for the coupling
of different particle fluxes, namely kinetic interactions. Specifically, our simple estimates of
the Reynolds number suggest that inertial effects may be significant. This is further underlined
by the small mean free path between the involved membrane-bound particles of only 46 A.
For example, in the case of an ideally elastic frontal collision, the momentum transfer during

a single collision event is given by
Ap = =20y ———. (S46)

Such a momentum transfer via particle collisions directly yields the coupling term in Eq. (S8).

To summarize, in this section we have discussed that the phenomenological coupling between
particle fluxes in the Maxwell-Stefan-like phenomenological theory may originate from
hydrodynamic interactions or from momentum transfer via direct interactions, yielding two
microscopic mechanisms that can lead to a mesoscopic friction between different molecular

species.

38

192



Supplementary Figures
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Supplementary Figure S1: MinDE induces pattern formation of cargo from an initially homogenous
state. Representative time-series and kymograph (along line selection) of MinDE self-organization,
which induces patterns of DNA origami and streptavidin when a, no origami, b, cargo-2, c, cargo-15
and d, cargo-42 is present (1 uM MinD (30% EGFP-MinD), 1.5 uM MinE-His, in absence or presence of
0.1 nM origami-Cy5 with 2, 15 or 42 biotinylated oligonucleotides, Alexa568-streptavidin). Panel b is
identical to Figure 1b,c. Scale bars: 50 um
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Supplementary Figure S2: Changes in the MinDE patterns are mimicked by cargo. Representative
time-series and kymograph showing changes in MinD and cargo molecule patterns in presence of a,
cargo-1, b, cargo-2, ¢, cargo-15 and d, cargo-42 (1 uM MinD (30% EGFP-MinD), 1.5 uM MinE-His,
origami-Cy5 with 1, 2, 15 or 42 biotinylated oligonucleotides, Alexa568-streptavidin) upon addition of
more MinE (addition of 1.5 uM MinE-His). MinE addition directly before t = 0 s. Scale bars: 50 um
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Supplementary Figure S3: MinDE induces pattern formation of two distinct cargoes, cargo-2 and
cargo-42, from an initially homogenous state. a, Representative time-series of MinD, cargo-2 and
cargo-42 pattern formation. ATP is added to start self-organization directly before t=0 s (1 uM MinD
(30% EGFP-MinD), 1.5 uM MinE-His, 50 pM origami-Cy3B with 2 biotinylated oligonucleotides, 50 pM
origami-Cy5 with 42 biotinylated oligonucleotides, non-labelled streptavidin). Scale bars: 50 um b,
Kymographs of the line selection shown in a.
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Supplementary Figure S4: Dynamic MinDE waves transport and sort cargo, establishing large-scale
gradients. Representative images of large scale gradients originating from transport of a, cargo-2 and
cargo-42 and b, cargo-Chol-2 and cargo-chol-15 (1 uM MinD, 5 uM His-MinE, with a, 0.1 nM origami-
Cy5 with 2 or 42 biotinylated oligonucleotides, non-labeled streptavidin or b, 0.1 nM origami-Cy3b with
2 or 15 hybridizing oligonucleotides, 10 nM TEG-cholesteryl oligonucleotide) Scale bars: 50 um.
Overlaid images are identical to Figure 5c. ¢, Representative images of individual and overlaid channels
of sorting of cargo-chol-2 and cargo-chol-15 by MinDE waves (1 uM MinD (30% EGFP-MinD), 5 uM His-
MinE with 50 pM origami-Cy3b with 2 and 50 pM origami-Cy5 with 15 hybridizing oligonucleotides, 10
nM TEG-cholesteryl oligonucleotide). Scale bars: top, 500 um; bottom, 50 um. d, Wave velocity and
wavelength of MinDE waves on unconstrained bilayers in presence of cargo-2, cargo-chol-2 or cargo-
chol-15 with N=17 analysed time-series.
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Supplementary Figure S5. Design of the elongated 20-helix bundle DNA origami with 42 handle
positions. The dye-modified and connector oligonucleotides required for fluorescence detection are
highlighted in orange, the 42 possible positions for incorporation of biotinylated oligonucleotide
handles for binding to streptavidin in purple, core staples in black and the M13 p7249 scaffold is
coloured in blue.
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Supplementary Tables

Supplementary Table 1: Model Parameters and variables. Overview of the parameters and all
dependent variables used in the Flory-Huggins type and phenomenological Maxwell-Stefan type

theories.

Parameter Value Explanation

62 200 Interaction parameter between origami
scaffold and MinD, in terms of MinD
coverage

035 10 Interaction parameter between streptavidin
and MinD, in terms of MinD coverage

n 1—42 Number of streptavidin attached to origami

Estimated from experiments:

D
[
+

0.0825

0.55

0.165

Average MinD surface coverage. Derived
from measured densities?.

Average origami surface coverage (distal), if
all available DNA origami in the assay (0.1
nM) were to bind to the available
streptavidin molecules.

Average surface coverage of available
streptavidin molecules (free + bound).

Derived from measured densities?.

Dependent variables:

)
[S)

D
©»

min(8,+, b5+ ao/ac)

E_aac/ao

Average origami surface coverage (distal),
which is limited by the density of available
streptavidin molecules.

Average surface coverage of free

streptavidin molecules.
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Supplementary Table 2. List of plasmids used in this study.

Plasmid name

Source

pET28a-His-MinD_MinE
pET28a-His-EGFP-MinD
pET28a-His-MinE
pET28a-MinE-His

pPREP41X

pPREP42X
pMBL-sfGFP-MinDMinE
pET28a-mCherry-2xEcMTS
pET28a-mCherry-GGBSMTS

39 (Addgene # 133621)
40 (Addgene # 133622)
39

41 (Addgene # 133623)
Susan Forsburg??
Susan Forsburg??

41

2 (Addgene # 133624)
2

PREP41X-sfGFP-MinD This study
pREP42X-MinE This study
PREP41X_coex_sfGFP-MinD_MinE | This study
pPREP42X-mCherry-BsMTS This study
PREP42X-mCherry This study
pPREP42X-mCherry-BsMTS This study

Supplementary Table 3. List of primers used in this study.

Name Sequence 5’ to 3’

BR64 CTTGTACAGCTCGTCCATGCC

BR223 GTTAAATCATACCTCGAGGGATCCACCATGAGCAAAGGAGAAGAACTTTTCAC
BR224 GACATTCCTTTTACCCGGGGATCCTTATCCTCCGAACAAGCGTTTGAG

BR225 GTTAAATCATACCTCGAGGGATCCACCATGGCATTACTCGATTTCTTTCTCTCG
BR226 GACATTCCTTTTACCCGGGGATCCTTATTTCAGCTCTTCTGCTTCCGGTAAG
BR227 GTTAAATCATACCTCGAGGGATCCACCATGGTGAGCAAGGGCGAG

BR228 GACATTCCTTTTACCCGGGGATCCTTAAGAACGAACACCGAAGAAAGATTTG
BR229 GATAATAATGGTTTCTTAGACGTGTCGATCGACTCTAGAGGATCAGAAAATTATC
BR230 GAAAAGTGCCACCTGACGTGCATTACTAATAGAAAGGATTATTTCACTTCTAATTACACAAATTCCG
KN_294 | CAGAAACGCTGGTGAAAGTAAAA

KN_312 | TTTTACTTTCACCAGCGTTTCTG

KN_644  GCATGGACGAGCTGTACAAGTAAGGATCCCCGGGTAAAAGGAATGTC

KN_645 | TTCCTTTTACCCGGGGATCCCCGCAAGCTTTTATCCTCCGAACA

KN_646 GGATCCCCGGGTAAAAGGAATGTC

KN_647 GATCCCTCGAGGTATGATTTAAC
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Supplementary Methods

Generation of plasmids

DNA fragments and vector backbones were amplified by PCR or obtained by restriction
enzyme digestion so that they contained 15-20 bp overlaps between adjacent fragments that
were combined using the GeneArt Seamless Cloning and Assembly Enzyme Mix (Thermo
Fisher Scientific, Waltham, USA). pREP41X-sfGFP-MinD encodes the E. coli MinD with an N-
terminal fusion of sfGFP, where the sfGFP-MinD coding region was amplified from pMBL-
sfGFP-MinDMInE*! (primer BR223/BR224) and the backbone was obtained by digesting
PREP41X with BamHI. pREP42X-MinE encodes the E. coli MinE, where the MinE coding region
was amplified from pMBL-sfGFP-MinDMinE*! (primer BR225/BR226) and the backbone was
obtained by digesting pREP42X with BamHI. pREP41X_coex_sfGFP-MinD_MinE encodes
sfGFP-MinD and MinE under the same promoter that is duplicated on the plasmid. It was
generated by amplifying the backbone from pREP41X-sfGFP-MinD (primer KN_646/KN_647)
and the MinE fragment from pREP42X-MinE (primer R229/BR230). pREP42X-mCherry-BsMTS
encodes the C-terminal fusion of the B. subtilis MinD membrane targeting sequence (MTS)
(GSGKGMMAKIKSFFGVRS; AA 254-268) to mCherry, where the mCherry- BsMTS coding region
was amplified from plasmid pET28a-mCherry-GGBSMTS? (primer BR227/BR228) and the
backbone was obtained by digesting pREP42X with BamHI. pREP42X-mCherry encodes
mCherry and was obtained by amplifying two regions from pREP42X-mCherry-BsMTS (primer
KN_294/BR64, KN_312/KN_644). pREP42X-mCherry-2xEcMTS encodes the C-terminal fusion
of two copies of the E. coli MinD MTS (GSGIEEEKKGFLKRLFGGGGSIEEEKKGFLKRLFGG; AA 256—
270) to mCherry and was obtained by amplifying two regions from pREP42X-mCherry-BsMTS
(primer KN_294/KN_647, KN_312/KN_646) and the insert was amplified from pET28a-
mCherry-2xEcMTS? (primer KN_645/BR227).

S. pombe culture and transformation

YES media was prepared from yeast extract (5 g/l), glucose (30 g/l) and adenine, histidine,
leucine, uracil and lysine (each 225 mg/l). Selective medium was prepared from EMM broth
(Formedium, Norfolk, Great Britain) supplemented with adenine, histidine, leucine, uracil and
lysine (each 225 mg/l) from which either leucine, uracil or both were omitted for selection of
S. pombe carrying pREP41X, pREP42X or both plasmids, respectively. Solid medium was

prepared with 2% Difco Bacto Agar.
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For transformation a 5 ml YES media pre-culture was inoculated with FY61 and grown at 30
°C, 220 rpm for 16 h. A 50 ml YES culture was inoculated 1:200 from the pre-culture and grown
at 30 °C, 220 rpm for 30-48 h until an OD600 of 0.5. Cells were pelleted by centrifugation (4
°C, 4000 g, 10 min) and washed once with 25 ml 1x TE buffer (10 mM Tris-HC| pH 7.5, 1 mM
EDTA). After another centrifugation step, cells were resuspended in 1 ml LIAC/1xTE buffer (10
mM Tris-HCl pH 7.5, 1 mM EDTA, 100 mM Lithium Acetate pH 7.5) and incubated for 30 min
at 30 °C. 200 pl of the suspension was transferred into a new tube and mixed with 20 pl of
sonicated salmon sperm DNA (10 mg/ml, Agilent Technologies, Santa Clara, USA) as carrier
and 1 pg plasmid, and subsequently incubated at room temperature for 10 min. Afterwards
1.2 ml of PEG/LiAc/TE buffer was added (40% PEG4000, 10 mM Tris-HCl pH 7.5, 1 mM EDTA,
100 mM Lithium Acetate pH 7.5) and the mixture was incubated for 3 min at 30 °C, 250 rpm.
DMSO was added to a final concentration of 5%, before heatshock for 15 min at 42 °C. Cells
were pelleted at 7000 g for 30 s, resuspended with 300 ul 1xTE buffer and spread on plates
with the respective selective medium. After 3-5 days of incubation at 30 °C colonies were
picked and restriked. Individual clones were picked and grown in selective medium to

generate glycerol stocks (50% glycerol).
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Supplementary Notes

Supplementary Note 1:

The lower facet of the 8 nm high DNA origami rod is located about 5-11 nm above the
membrane, as it is bound to the membrane via several spacers: the dsDNA oligonucleotide
linker, a TEG-biotin moiety and the streptavidin molecule. The length of the dsDNA linker can
be estimated to about 6.1 nm taking into account the rise per basepair (bp) of 0.34 nm of B-
DNA“3. The oligonucleotide is connected to the anchoring biotin moiety via TEG with a length
of about 1.4 nm?'8, Thus, the total linker length can be estimated to be about 7 nm. As the
persistence length of dsDNA is about 50 nm**, the dsDNA linker is rigid. However, the
connection to the DNA origami is only single stranded giving the dsDNA linkers freedom for
bending®®. The height of membrane-bound streptavidin was measured to be ~4 nm*’ in good

agreement with measurements from EM/crystal structures*®4°,
Supplementary Note 2:

To verify that it is indeed the effective cargo size (membrane footprint) rather than the
number of membrane attachment sites (streptavidin building blocks), i.e. the membrane
diffusion (Fig. 3c in the main text), that determines the extent of the cargo transport, we
employed an alternative anchoring strategy for the DNA origami structures. The resulting
cargo (cargo-chol) only consists of the DNA origami scaffold, in which we incorporated
oligonucleotides at the bottom positions that could hybridize with oligonucleotides modified
with a TEG-cholesteryl moiety that directly inserts into the lipid bilayer (Extended Data Fig. 4).
As in the case for the composite cargo (consisting of a DNA origami scaffold and streptavidin
building blocks) the total length of the linker is about 7 nm (6.1 nm dsDNA, 1.4 nm TEG moiety)
and the connection of the linker to the DNA origami is single-stranded giving it freedom for
bending. Hence, in this case the lower facet of the origami scaffold is located at an altitude of
at most 7 nm above the membrane and thus the origami body can presumably directly interact
with MinDE on the membrane. Increasing the number of attachment sites on cargo-chol from
2 to 15 (cargo-chol-2 and cargo-chol-15) slowed diffusion in absence of MinDE similar to our
observations for the composite cargo (Extended Data Fig. 5a) and in line with previous studies
on membrane diffusion of DNA origami nanostructures®#6°0>1, Cargo-chol-2 and cargo-chol-
15 diffused slightly faster than the respective composite cargoes cargo-2 and cargo-42, which

can presumably be explained by streptavidin binding 2-3 biotinylated lipids. In the presence
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of 1 UM MinD, both cargo-chol-2 and cargo-chol-15 are slowed similar to the composite
cargoes, which indicates that they experience an additional friction due to the presence of
MinD (Extended Data Fig. 5a). In contrast to the composite cargo, increasing the number of
attachment sites on cargo-chol also strongly increased their ability to bind to the membrane
(Extended Data Fig. 5e) as previously observed for cholesteryl-bound DNA origami
nanostructures*®>°, To account for these different membrane densities, we analysed the
redistribution of cargo-chol-2 and cargo-chol-15 by MinDE at three different concentrations,
determining the contrast of the resulting images and the interaction parameter (Extended
Data Figs. 4b, 5b-d,h). While increasing membrane densities of cargo-chol-2 and cargo-chol-
15 were accompanied by increasing contrast, it is clear that even at the lowest densities of
cargo-chol-2 the contrast is higher than that of cargo-2 which diffuses similarly fast as cargo-
chol2 (Extended Data Fig. 5g). At the highest membrane densities, the contrast of cargo-chol-
2 and cargo-chol-15 rather resembles that of cargo-42. By fitting the 2D histograms of the
images, we determined the interaction parameters of cargo-chol-2 and cargo-chol-15
(Extended Data Fig. 5h). The interaction parameter of cargo-chol-15 is slightly larger than that
of cargo-chol-2, but both are on the same order of magnitude as that of cargo-42. When we
let MinDE self-organize in the presence of differently labelled cargo-chol-2 and cargo-chol-15,
we found that MInDE also induced sorting of these two cargo molecules. Similar to the
composite cargoes, we found that the cargo with the higher interaction parameter, cargo-
chol-15 was localized to MinD-free regions and was framed by cargo-chol-2 (Extended Data
Fig. 5i). Importantly, that cargo-chol-2, which diffuses similar or even slightly faster than cargo-
2 and one order of magnitude faster than cargo-42, interacts with MinD to a similar extent as
cargo-42 shows that indeed the effective size of the cargo molecules determines the extent
of the transport: the membrane footprint and thus the effective size of cargo-chol-2 is larger
because presumably the entire origami scaffold with a membrane footprint of 1760 nm? (110
nm x 16 nm) interacts with MinD, whereas in the case of cargo-2 and cargo-42 mostly the
streptavidin building blocks (membrane footprint of a single streptavidin: 25 nm?) interact

with MinD (total membrane footprint of cargo-2: 50 nm?, cargo-42: 1050 nm?).
Supplementary Note 3:

Since we have demonstrated MinDE-induced cargo transport with experiment and theory, we

wondered whether it is possible to directly observe biased cargo motion on a single cargo level
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using single particle tracking. To this end we tracked single cargo molecules under conditions
where regular unidirectional MinDE waves had formed (Extended Data Fig. 8). As in our
simplified single-particle tracking setup (i.e. with a homogeneous density of MinD, Fig. 3c in
the main text, Extended Data Fig. 5a), we found that particles seemed to diffuse faster when
located inside the MinD minima, i.e. in regions with low MinD density, and slower in the MinD
maxima. However, we could not detect any directed motion. To confirm these experimental
results, we made a simple theoretical estimate whether it would be possible to discern

diffusion from advection in a system such as ours.

In the following, we specifically refer to our experimental realization where MinDE form
traveling waves, because a stationary state with vanishing fluxes (while having the advantage
of simplifying our analysis) only allows to reliably measure the stationary distribution of
particles. In our experiments we have a true single particle tracking situation, i.e. a very low
density of DNA origami molecules that do not interact with each other. In a situation with
traveling waves, the MinDE gradients have a typical length scale of 40 um (Supplementary Fig.
S4). The waves themselves travel at a velocity of 1.4 um s~ and consist of both a forward-
pointing and a backward-pointing gradient. Therefore, each cargo molecule is subjected to a
forward-pointing MinD gradient over a typical time scale of At = 30 s per wave period,

alternated with a backward-pointing gradient.

For single particles, the mean squared displacement due to diffusion in 2D is given by 2D At,

and due to advection is given by (ngt)z. The typical diffusion constant of cargo-42 in our

experiments is Dy_4, = 0.06 um?s~1, while the typical diffusion constant of cargo-2 is
Dy_, = 0.65 pum?s~t. Next, we will estimate the advection velocity v,. Starting from Eq. (7)

in the main text,

drcg ==V j,=V-|Dg

(I +cg/cx) Veg + (cg/cx) Ve ( S47 )
1+ cg/cx + (Dg/Dp)(cp/cx) | 7 in main text

we invoke the low-density limit (true single particle tracking situation). With this

simplification, we obtain the following equation for the cargo flux:
jg = —DyVcy — cgDycs Ve, = =DyVey + cyvy, (548)
where the interaction density is given by ¢y = &,/ 4. The first term of Eq. (S48) corresponds

to diffusion and the second term corresponds to advection with an advection velocity of v, =
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—Dgc;1 Vc,. By expressing surface densities in terms of coverage, 0, = a,c, and 0, = a,cy,
we may thus write the advection velocity as:

v, = —D,05'V0, . (S49)

The typical effective interaction parameter is 831, ~ 5.6 for cargo-2 and 631,, ~ 21.4 for
cargo-42, as obtained from our fits (Fig. 3b in the main text). Overall, the MinD coverage is
between 16.5% in the MinD maxima and 0% in the MinD minima. Thus, we may estimate the
typical gradient of MinD coverage as ||V8,| ~ 0.165/(20pum) = 0.00825 wm™". Taken
together, these estimates yield a typical advection velocity of v;_, = 0.030 pm s~ for cargo-

2and vg_4; = 0.011 pm s~ for cargo-42. Then, the dimensionless number

=~ 0.14 for cargo-2,0.17 for cargo-42

informs us that diffusive transport is stronger than advective transport on the scale of a single
molecule. We can also make analogous estimates for cargo-chol-2 (Dy_., = 0.89 pum?s~1,
031., =21.7) and cargo-chol-15 (Dg—c15 = 0.24 um?s~, 0315 = 24.7), vyielding

dimensionless numbers of 0.65 and 0.39, respectively.

Consequently, it is difficult to discern advection from diffusion on the single molecule level.
Even if we assume that the true interaction parameter is one order of magnitude larger
(because we typically underfit the interaction parameters due to neglecting large particle
densities), this still only yields a dimensionless factor of order unity. Combined with the back-
and-forth motion of cargo due to the periodic nature of the MinDE waves, this would still make

a distinction between advection and diffusion difficult.
Supplementary Note 4:

MinDE self-organization in vitro generally reproduces all features of their behaviour in vivo™,
except that the patterns in vitro occur on an about 10 times larger length scale than those in
vivol3%°255 This difference is thought to arise from differences in the physico-chemical
properties of the reaction environment. For example, crowding in solution has been shown to
reduce the wavelength in vitro3*°657, Similarly, we have shown here (Fig. 1g in the main text)
and previously? that crowding on the membrane reduces the length scale of the patterns in
vitro. In order to test whether the difference in wavelength between in vitro and in vivo is
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indeed caused by differences in the reaction environment, and whether MinDE patterns with
a short wavelength would be able to regulate other proteins by diffusiophoresis under these
more physiologically relevant conditions, we expressed MinDE as well as model peripheral
membrane proteins? heterologously in the fission yeast S. pombe. In the, from E. coli
evolutionary distant, fission yeast, other proteins can be seen as close to inert in regard to E.
coli MinDE and the larger size and higher protein levels in S. pombe facilitate detection of

protein dynamics by fluorescence microscopy.

Adapting a co-expression from Terbush et al.>® we first designed a plasmid for co-expression
of E. coli sfGFP-MinD and MinE under the same, duplicated promoter (Extended Data Fig. 9a).
S. pombe cells harbouring this plasmid displayed bright foci that were dynamic. Closer
inspection revealed that MinD seemed to preferentially bind to intracellular membranes over
the plasma membrane. The round vesicular structures stained by MinD most likely represent
vacuoles®®. Most cells displayed traveling wave dynamics (Extended Data Fig. 9b), but also
more complex dynamics and pole-to-pole oscillations could be observed (Extended Data Fig.
9c¢,d). In contrast, in regular sized E. coli MinDE usually perform pole-to-pole oscillations>*%°,
in elongated E. coli they exhibit multi-node standing waves®* and only in very rare cases
traveling waves can be observed®!. This deviation can be explained with the well-described
geometry sensitivity of MinDE>%6275> and the larger dimensions of an S. pombe cell compared
to E. coli (S. pombe: 3.5 pm x 8-14 um®®; E. coli: 0.7-1 pm x 2.6-4.0 um®’): in E. coli cells whose
shape was greatly altered by mutations or custom shaping in microstructures, traveling waves
and complex dynamics can also be observed®>. Analysis of cells exhibiting traveling wave
dynamics, allowed us to obtain an estimate of the wavelength and velocity of the MinDE
dynamics in S. pombe. Intriguingly, the wavelength of MinDE dynamics in S. pombe of (8.3+1.7)
um (Extended Data Fig. 9e) was similar to the wavelength that has been reported for MinDE
dynamics in E. coli of about 8-11 pm>%°*°> and thus much smaller than the wavelength of
MinDE self-organization in vitro?3°. The obtained velocity of (0.06+0.02) um s (Extended
Data Fig. 9f) is lower than the values that have been reported for wave propagation on SLBs
in vitro of about 0.1-0.6 pm s 123933 The estimated oscillation period obtained from these
values is about 140 s and thus slightly larger than the one reported for the dynamics in E. coli
of about 40-120 s °2°4%3.68 which could be caused by differences in temperature, protein levels,
density of anionic lipids, which are all factors reported to influence the velocity of wave

propagation in vivo or in vitro*2.
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As a control that the observed dynamics were indeed ascribable to MinDE self-organization,
we expressed sfGFP-MinD in the absence of MinE in S. pombe (Extended Data Fig. 9g). As
expected, sfGFP-MinD seemed to localize to the same intracellular membranes, but the
overall distribution was far more homogenous and showed no obvious dynamics. Thus, MinDE
self-organization can be reconstituted in the fission yeast S. pombe. Having shown that MinDE
self-organize in S. pombe at a similar length scale as in their native host E. coli, we set out to
show that MiInDE can also regulate other proteins via diffusiophoresis under these
physiologically more relevant conditions. To this end we constructed a second expression
plasmid, that could be maintained in S. pombe next to the co-expression plasmid for sfGFP-
MinD/MinE. For simplicity, we employed model peripheral proteins as cargo. We have
previously shown that these proteins are also regulated by MinDE in vitro?: whenever MinD
density was high, the density of the model peripheral membrane proteins was low. While
these proteins have a much shorter membrane dwell time than the DNA origami
nanostructures and thus are not subject to a net transport by MinDE?, we believe that they
also experience diffusiophoretic transport resulting in their redistribution. For expression in S.
pombe, we generated plasmids encoding one of three different mCherry versions analogous
to the ones used for the in vitro study?: soluble mCherry (mCh), mCherry fused to the
membrane targeting sequence (MTS) of the B. subtilis MinD (mCh-MTS(BsD)) and mCherry
fused to a tandem repeat of the MTS of the E. coli MinD itself (mCh-MTS(2xMinD)) (Extended
Data Fig. 10a). When expressed in S. pombe in the absence of MinDE, mCh-MTS(BsD) and
mMCh-MTS(2xMinD) homogenously bound to cellular membranes (Extended Data Fig. 10c,d)
and the soluble mCh exhibited a homogenous cytoplasmic localization (Extended Data Fig.
10b). When co-expressed with sfGFP-MinDE, the overall localization of all constructs was
similar. Intriguingly, however, we found that wherever fluorescence intensity of MinDE was
high, the intensity of mCh-MTS(BsD) and mCh-MTS(2xMinD) was reduced and vice versa
(Extended Data Fig. 10f,g). In contrast, when MinDE was co-expressed with the soluble control
protein mCh, no such changes in fluorescence intensity were observed (Extended Data Fig.
10e). Hence, MinDE-dependent transport of proteins by diffusiophoresis also occurs, when

MinDE dynamics are reconstituted in S. pombe.
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A.2 Appendix to Section 6.4
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Figure A.2. Encapsulation of MinDE inside droplets. MinDE displayed pulsing, pole-to-pole
and travelling oscillations. Kymographs were taken along the droplet perimeter, and intensity
traces from the indicated ROI in the coloured boxes. MinD 1 uM (30 % EGFP-MinD), MinE
0.5 pM.
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A.3 Appendix to Chapter 9

Figure A.3. MinDE waves on 3D waveguides. a) Min waves travelling on rods that bifurcate
into 2 different paths. Waves travelling on 2 paths with the same path length join back
up in phase (left). Waves travelling on different path lengths annihilate at a point where 2
path lengths are the same. b) Rods with a row of concentric discs and c) their associated
kymographs. MinD 1 uM, His-MinE 1 pyM, ATP 2.5 mM.
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A4 General contribution to the public

I'insert an article written by Violet van Houwelingen based on an interview conducted
by her on my views on recent developments in 3D bioprinting. This was published
on the Synthetic Cell Initiative website (syntheticcell.eu) for the readership of the
general public.
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Designing minimal cells with 3D bioprinting - Synthetic Cell
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syntheticcell.eu

Designing minimal cells with 3D
bioprinting - Synthetic Cell

4-5 minutes

The ability of three dimensional printers of biomaterials — 3D
bioprinters — to mimic cells on the microscale makes this technique
an attractive starting point for constructing minimal cells from the
bottom-up. Hiromune Eto makes use of a two-photon laser printer
to create hydrogel protein structures. Since these bio-printed
materials are proteins themselves, a specific 3D shape can trigger
or enhance responses from the cell’'s own proteins. Mr. Eto tells us
more about his work with bioprinting, which was published in the
journal Small:

How does 3D-bioprinting work?

“By applying 3D-bioprinting to synthetic biology, we can print much
more complex structures than has been possible before. Up until
now researchers have shaped biological material using two-
dimensional fabrication methods, which limits what we can create.
We could merely “pull up” 2D shapes, such as a circle or a square,
and produce an “extruded” shape like a cylinder or a cuboid. Now,
with 3D-printing, our team can better mimic cellular features that
are relevant to the proteins we study. This means we can influence
different functions in the cell, like metabolism and the transport of

materials.”

about:reader?url=https://www.syntheticcell.eu/2021/02/10/designing-m...

2021-05-07, 15:22
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“We print structures or shapes in three dimensions on a
microscopic scale or smaller, similar to the size of a cell. For this we
use a protein mixture of bovine serum albumin. We also work with
polymer materials, which have many relevant and desirable
biochemical properties. Biology, including cells and proteins, can
interact with these 3D-printed biological materials in many ways. At
the Schwille lab we study two of those possibilities.”

How do the printed materials mimic cell functions?

“We can create different kinds of surface topographies through 3D
printing that resemble cellular structures, for one. These
geometrical features can in turn influence protein behavior. Our
ability to build structures with a 3D printer is so precise, we can now
for example print a protein in a shape that makes it bind more
strongly to another protein, triggering a different reaction inside the
cell. This means we are able to link specific reactions inside a cell
to a certain geometry, which give us clues as to why cells or
organelles are shaped the way they are.”

“The second technique has to do with directly 3D printing proteins
in the form of hydrogel. The proteins react to the light from the
laser: they crosslink to each other to form polymer networks or gels.
We now have an exciting opportunity to 3D print micron-sized
protein robots, with specific biochemical functionality. This is
particularly cool, because the things we print can directly interact
with the cells that we study. They can also dynamically change
shape — through changes in pH or through interactions with other

proteins.”

2021-05-07, 15:22
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What kind of applications are possible with 3D bioprinting?

“The big advantage of 3D bioprinting is not that we can mass
produce structures with one specific design, but rather that we can
do rapid prototyping, where we can make many different designs
relatively quickly. Micro-printing is particularly useful for working out
what type of design is effective. It has already had a big impact on
academic research as well as product development. Once we can
confirm that a certain shape works, we can hand our proof of
concept over to an industry partner who can place this design on
the market.”

“The worldwide interest in the potential of 3D bio-printing is
growing. Aside from our lab at the MPI, there are clusters in Japan,
Singapore, United States and Germany applying 3D printing to
cells. A cluster of researchers in Switzerland for example is working
on cell-made carriers — micro-swimmers — that can deliver drugs
such as vaccines to specific parts of the body. Several groups in
Heidelberg and Karlsruhe in Germany are also investigating how
3D printing can improve regeneration of tissues. Researchers are
even 3D printing artificial meat, meaning lab-grown meat, to
revolutionize how food can be brought to our table.”

3D bioprinter at work: making the “cell” from BSA photoresin —
image of the resulting printed cell can be found in the article text
above:

More information:

Schwille Group at Max Planck Research Network in Synthetic

Biology

Synthetic cell researchers working on 3D bioprinting

Lab images and video: Hiromune Eto

about:reader?url=https://www.syntheticcell.eu/2021/02/10/designing-m...

2021-05-07, 15:22
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