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Summary

Within the intricate landscape of immunology, the captivating cellular process of engulf-

ing external objects, known as phagocytosis, has sparked scientific interest for several

decades. This essential process, how for example macrophages devour and engulf bacte-

ria, not only fuels the imagination, but also represents our first line of defense against

these pathogens. While phagocytosis is o�en recognized for its significance in the human

immune system, its scope extends well beyond immunity. The process is for example also

an essential feeding mechanism in unicellular organisms and plays a key role in main-

taining tissue homeostasis by clearing apoptotic cells. Considering more than ten billion

cells undergo apoptosis in a healthy human every day, it quickly becomes clear why

phagocytosis is a fundamental biological process. The wide diversity in cells performing

phagocytosis and the objects targeted for phagocytosis calls for a diversified set of

mechanisms, signalling pathways, and receptors. Despite this diversity, all phagocytotic

process converge on the common outcome of particle engulfment, hinting at an overlap

in membrane reshaping processes. While our understanding of the process has reached

unprecedented clarity, a wide knowledge gap persists. Especially the detailed roles of

the cytoskeleton in phagocytosis remain an area of ambiguity. The inherent complexity

and underlying redundancy of the process make studying the basic physical principles

underlying cytoskeletal remodelling challenging to achieve in living cells. Therefore,

aiming to understand the role of the cytoskeleton and the minimal requirements for

initiating phagocytosis, this thesis presents a bo�om-up synthetic biology approach to

studying phagocytosis - the ‘minimal phagocyte’.

As the ‘container’ for this synthetic, cell-like entity, we envision giant unilamellar vesicles

(GUVs), given they provide a close mimic to biological cells and are therefore also o�en

used as model membrane systems in biophysics. Part ii of this thesis focuses on the

fabrication of these GUVs. Given their widespread use, a plethora of di�erent methods

for their production exist, ranging from relatively straightforward bulk techniques to

sophisticated microfluidic assembly lines. However, there is no one-size-fits-all method

and reliable GUV fabrication still remains a major experimental hurdle in the field.

A promising method that is increasingly being used for complex reconstitutions is

continuous droplet interface crossing encapsulation (cDICE). In Chapter 3, we show

that by tightly controlling environmental conditions and tuning the lipid-in-oil dispersion,

it is possible to significantly improve the reproducibility of high-quality GUV formation
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vi Summary

in cDICE as well as increase the encapsulation e�iciency. Furthermore, we demonstrate

e�icient encapsulation for a range of biological systems, including actin, a key participant

in phagocytosis.

Despite the method’s wide applicability, the underlying physical principles governing

the formation of GUVs in cDICE and related methods remain poorly understood. To

gain a deeper understanding of GUV formation in cDICE, we developed a high-speed

microscopy setup that allows us to visualize GUV formation in real time, detailed in

Chapter 4. We show a complex droplet formation process at the capillary orifice,

generating both larger droplets and, likely, GUV-sized satellite droplets. Further results,

combined with theoretical modeling of the system’s fluid dynamics, hint at a size-

selective transfer of droplets through the oil-water interface, resulting in distinct final

GUV sizes. Finally, we show that proteins in the inner solution a�ect GUV formation by

increasing viscosity and altering lipid adsorption kinetics. These findings explain the

widely observed variable yield and encapsulation e�iciency when encapsulating more

complex solute mixtures. While these findings lead to a be�er understanding of GUV

formation processes in cDICE, the results are, by extension, applicable to emulsion-based

methods in general. Ultimately, these insights will aid the development of more reliable

and e�icient methods for GUV production.

In Chapter 5 we zoom out from cDICE and provide an extensive overview of the di�erent

GUV fabrication methods available in synthetic biology today. We discuss the state-of-

the-art in various GUV production methods, considering their compatibility with specific

membrane and encapsulation requirements, and address o�en-overlooked operational

requirements such as reproducibility and ease of use. This chapter aims to be a refence

work for researchers aiding them in making a well-informed decision regarding the most

suitable method for their particular application.

While Part II focuses on the fabrication of GUVs, which make up the ‘container’ of our

‘minimal phagocyte’, Part iii focuses on the remaining components needed to develop

the proposed experimental platform for bo�om-up study of phagocytosis. Chapter 6
introduces a specialized toolbox containing all elements needed to strip this complex

phagocytic process to its minimal set of components. In particular, our aim was to recon-

situte spatially directed actin polymerization to promote membrane wrapping around a

particle. We highlight the essential components necessary for such a system, including a

membrane-spanning peptide, DBCO-labelled VCA, microfluidic GUV traps, and external

beads. As a first step towards integrating these various building blocks into a single unit,

we conducted a proof-of-principle assay, showing peptide clustering. Together, these

results form a solid starting point for further integration of the aforementioned building

blocks comprising the ‘minimal phagocyte’. It serves as a framework for development of

a valuable experimental platform o�ering legion opportunities to further elucidate the

hitherto unknown roles of the cytoskeleton in phagocytosis. Ultimately, this approach

will shed light on unresolved biophysical questions, providing fundamental insights

into the mechanics of phagocytosis, and potentially even answer the question: What is

minimally needed to initiate phagocytosis?
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In the Epilogue, I reflect on the progress made in this thesis, both in expanding on exist-

ing GUV research and in introducing a novel, bo�om-up synthetic biology approach to

studying phagocytosis. Looking forward, the focus on reproducibility of GUV formation,

particularly through the lens of cDICE, aims to make GUVs into a more robust tool for

synthetic cell work. On the other hand, the presented results establish the groundwork

for an experimental platform dedicated to studying phagocytosis, with the aim to further

unravel the intricate complexities of this fascinating immunological process, thereby

furthering our understanding of the world, one small step at a time.





Samenva�ing

In de wereld van de immunologie staat fagocytose, het proces waarmee cellen externe

objecten omsluiten, bekend als een uiterst fascinerend proces. Het hee� dan ook al

decennialang de interesse gewekt van wetenschappelijk onderzoek. Het idee dat ma-

crofagen bacteriën achtervolgen en ze vervolgens “opeten” spreekt niet alleen erg tot

de verbeelding, maar is daarnaast ook essentieel in onze eerste verdedigingslinie tegen

deze micro-organismen. Hoewel fagocytose dus een cruciale rol speelt in het menselijk

immuunsysteem, vervult het ook een hele reeks andere functies. Zo stelt dit proces een-

cellige organismen in staat om voedsel op te nemen en fungeert het als een mechanisme

voor het handhaven van cellulaire homeostase door apoptotische cellen op te ruimen.

Gezien het feit dat meer dan tien miljoen cellen dagelijks apoptose ondergaan in ons

lichaam, is het duidelijk dat fagocytose door de evolutie heen is uitgegroeid tot een

fundamenteel biologisch proces.

De grote diversiteit aan cellen die fagocytose uitvoeren en aan objecten die het doelwit

vormen vereist een verscheidenheid aan mechanismen, signaalwegen en receptoren om

dit proces te regelen. Toch is de uitkomst van het proces altijd hetzelfde: volledige opname

van het externe object door de cel. Dit suggereert dat reorganisatie van het celmembraan,

noodzakelijk voor de cel om het object te omsluiten, ten grondslag ligt aan dit proces.

Hoewel onze kennis vandaag de dag groter is dan ooit tevoren, blij� een gedetailleerd

beeld, met name wat betre� de rol van het cytoskelet, uit. De intrinsieke complexiteit

en onderliggende redundantie van fagocytose maken het uitdagend om het proces in

levende cellen te bestuderen, wat op zijn beurt het begrijpen van de mechanismen en

fysische principes die ten grondslag liggen aan de remodellering van het cytoskelet,

bemoeilijkt.

Dit proefschri� hee� als doel een antwoord te bieden op deze tot nu toe onbeantwoorde

fundamentele vragen over de rol van het cytoskelet in fagocytose en poogt daarnaast

de minimale set componenten te identificeren die nodig zijn voor het initiëren van

fagocytose. Hiervoor introduceren we de ‘minimale fagocyt’, een synthetisch-biologische,

bo�om-up benadering voor de studie van fagocytose.

Als de ‘container’ voor deze kunstmatige ‘minimale fagocyt’ zijn zogeheten giant unila-
mellar vesicles (GUVs), de synthetische tegenhanger van biologische cellen, een logische

keuze. Deze GUVs zijn daarnaast intrinsiek compatibel met biologie, wat verklaart

ix
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waarom ze veelvuldig worden gebruikt als membraansysteem in de biofysica. In Deel ii
van deze thesis gaan we dieper in op hoe deze GUVs te produceren. Daar deze model-

systemen voor een scala aan toepassingen worden gebruikt, bestaan er verschillende

methoden om ze te produceren, variërend van relatief eenvoudige bulktechnieken tot ge-

avanceerde microfluïdische systemen. Tot op heden is er echter geen universele methode

beschikbaar en blij� het reproduceerbaar produceren van GUVs een uitdaging. Een

methode die de laatste jaren aan populariteit hee� gewonnen en als veelbelovend wordt

beschouwd, is continuous droplet interface crossing encapsulation (cDICE). In Hoofd-
stuk 3 tonen we aan dat door het zorgvuldig afstemmen van de omgevingscondities en

het aanpassen van de samenstelling van de gebruikte lipide-in-olie dispersie, we kunnen

zorgen voor reproduceerbare productie van kwalitatief hoogwaardige GUVs. Daarnaast

laten we ook zien dat het mogelijk is hiermee de e�iciëntie van het omsluiten van de

inhoud aanzienlijk te verbeteren. Tot slot laten we zien dat de geoptimaliseerde methode

goed werkt voor het produceren van GUVs met verschillende biologische systemen als

inhoud, van een synthetische celcortex tot een artificieel eiwitsysteem.

Hoewel de methode dus breed toepasbaar is, begrijpen we de onderliggende fysische prin-

cipes van GUV vorming in cDICE nog niet volledig, wat verdere optimalisatie belemmert.

Om dit verder uit te zoeken, hebben we in Hoofdstuk 4 een microscoop ontwikkeld

die ons in staat stelt GUV productie in realtime te bestuderen. We tonen aan dat in

de eerste stap van het proces, druppelvorming bij de capillaire opening, zowel grotere

als kleinere druppels vormen worden gevormd via complexe processen. Theoretische

modellering van de vloeistofdynamica van het systeem suggereert dat er vervolgens een

selectie op groo�e plaatsvindt bij het olie-water grensvlak, een noodzakelijke stap om

GUV vorming te voltooien. Ten slo�e laten we zien dat het omsluiten van complexe

biologische systemen, zoals eiwi�en, de vorming van GUVs beïnvloedt, hetgeen eerder

geobserveerde variabele resultaten bij GUV productie met verschillende biologische

systemen kan verklaren. Hoewel onze resultaten specifiek van toepassing zijn op GUV

productie in cDICE, zijn ze ook relevant voor andere, vergelijkbare GUV-productie me-

thoden. Deze resultaten zullen uiteindelijk dan ook bijdragen aan de ontwikkeling van

betrouwbaardere en e�iciëntere methoden voor GUV productie.

In Hoofdstuk 5 verbreden we onze blik van cDICE en bieden we een uitgebreid over-

zicht van alle verschillende GUV fabricagemethoden die momenteel gebruikt worden in

synthetische biologie. We bespreken de laatste resultaten van deze methoden, met speci-

fieke aandacht voor hun compatibiliteit met specifieke membraan eigenschappen en hun

toepasbaarheid voor het omsluiten van verschillende biologische systemen. Daarnaast

richten we ons op vaak over het hoofd geziene operationele vereisten, zoals reprodu-

ceerbaarheid en gebruiksgemak. Dit hoofdstuk dient bijgevolg als naslagwerk voor

onderzoekers en helpt hen een weloverwogen beslissing te nemen over welke methode

het meest geschikt is voor hun specifieke toepassing.

Waar Deel II zich toespitste op het creëren van GUVs als de unit van de ‘minimale

fagocyt’, richt Deel iii zich op de overige onderdelen die nodig zijn voor het experi-

mentele platform om fagocytose te bestuderen. In Hoofdstuk 6 introduceer ik een
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gespecialiseerde toolbox met alle benodigde elementen om het complexe fagocytaire

proces na te bootsen met slechts die onderdelen die essentieel zijn. Dit minimale systeem

beoogt actine-polymerisatie te lokaliseren op specifieke plekken op de GUV, wat de

stimulatie van membraanwikkeling rond een extern deeltje mogelijk maakt. Hiervoor

presenteren we onder andere een membraanoverspannend peptide, DBCO-gelabeld

VCA, een microfluidisch systeem, en artificiële beads. Als een eerste stap naar verdere

integratie van deze bouwstenen, laten we zien hoe dit peptide clustert. Samen vormen

deze resultaten een solide basis voor om te komen tot de ‘minimale fagocyt’. We zien dit

dan ook in de toekomst uitgroeien tot een waardevol experimenteel platform, met talloze

mogelijkheden om de rol van het cytoskelet in fagocytose te onderzoeken. Hierdoor

zal deze nieuwe bo�om-up benadering licht werpen op nog onopgeloste biofysische

vraagstukken, fundamentele inzichten bieden in de mechanica van fagocytose, en mis-

schien ooit een antwoord kunnen bieden op de vraag: Wat is nu echt de minimale set

van componenten nodig voor fagocytose?

In de Epiloog reflecteer ik op de vooruitgang die geboekt werd in deze thesis, zowel

wat betre� het verdiepen van het bestaande GUV onderzoek, als de introductie van

een unieke bo�om-up synthetische benadering voor de studie van fagocytose. Ik ver-

wacht dat de focus in de toekomst voornamelijk zal liggen op verdere verbeteringen

in de reproduceerbaarheid van GUV productie, met als ultiem doel het ontwikkelen

van een robuust instrument voor synthetisch celwerk. Aan de andere kant leggen de

gepresenteerde resultaten het fundament voor een experimenteel platform dat is gewijd

aan het bestuderen van fagocytose, met als doel de ingewikkelde complexiteiten van

dit fascinerende immunologische proces verder te ontrafelen en zo stap voor stap onze

kennis van de wereld een beetje te vergroten.
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The dynamic world of phagocytosis

1883, a private laboratory along the coast of Messina, Sicily:

“One day when the whole family had gone to a circus to see some extraordinary
performing apes, I remained alone with my microscope, observing the life in
the mobile cells of a transparent starfish larva, when a new thought suddenly
flashed across my brain. It struck me that similar cells might serve in the defence
of the organism against intruders. Feeling that there was in this something of
surpassing interest, I felt so excited that I began striding up and down the room
and even went to the seashore in order to collect my thoughts.”

- Elie Metchniko�
1

The concept of phagocytosis emerged from this mere fleeting thought, struck upon

Metchniko� when he was mindlessly looking through his microscope. Immediately a�er,

he tested his hypothesis by introducing rose thorns to transparent starfish larvae. When

he then observed mobile cells surrounding the thorns, he first postulated the now widely

known defensive function of cells, so akin to eating. Vividly describing these ‘devouring

cells’, the term ‘phagocyte’ emerged, derived from the ancient Greek “��
"�̃v” (to eat)

and “��́�o&” (cell).
1–3

In 1908, the pioneering work of Metchniko� was recognized when he and Paul Ehrlich

were jointly awarded the Nobel Prize “in recognition of their work on immunity”
4
, mark-

ing a paradigm shi� in our understanding of how host cells defend against pathogens

through innate and adaptive immunity
3
. This pivotal moment is o�en seen as the

starting point for the field of immunology.

3
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Anno 2024, our understanding of phagocytosis, including its roles, mechanisms, functions,

and key players, has reached unprecedented clarity. A significant body of research

continues to focus on this vital process, deemed crucial in the context of understanding

and curing human disease. This chapter gives a brief overview of the principles of

phagocytosis and its lingering unknowns, with a particular emphasis on the pivotal

roles played by the actin cytoskeleton, and as such provides context to the following

experimental chapters.

1.1 Understanding the basics
Phagocytosis is a cellular process characterized by the ingestion of particles larger than

0.5 µm, including bacteria, parasites, and fungi. As such, it is most recognized for playing

a key role in our immune response to pathogens, e�ectively clearing microorganisms

from the site of infection. So-called ‘professional phagocytes’, i.e. leukocytes including

macrophages, neutrophils, and dendritic cells, are the primary cells involved in this

process.
5–7

Phagocytosis is highly evolutionarily conserved and is for example also used

as a feeding mechanisms in unicellular organisms, yet has evolved to play a crucial role

in both the innate and adaptive immune responses. While phagocytosis is prominently

recognized for its role in immune defence, it also serves another crucial function – the

clearance of apoptotic cells. Knowing more than ten billion cells undergo apoptosis in

a healthy human per day, the need for e�ective clearing of apoptotic corpses becomes

evident.
6,8

This task is carried out by ‘professional phagocytes’ as well as by ‘non-

professional phagocytes’ such as fibroblasts and epithelial cells.
9

Figure 1.1 | Phagocytosis is a stepwise process in which particles larger than 0.5 µm are
engulfed. Upon receptor-mediated recognition of an external target, a downstream signaling

cascade is induced, driving cytoskeletal rearrangements. These, in turn, lead to the formation of a

phagocytic cup surrounding the external object. The phagocytic cup then extends to fully wrap the

external object, a�er which membrane fusion finalizes engulfment of the target. Following scission

of the phagosome, the contents are degraded and processed in a process known as phagosome

maturation. Figure adapted from Stuart et al. 10
.

Generally, phagocytosis can be described as a stepwise process (Figure 1.1).
5,11,12

Char-

acteristic to phagocytosis is the receptor-mediated recognition of the target, the initial

step of the process.
13

In this, phagocytosis distinguishes itself from macropinocytosis, a

related endocytic process by which cells engulf bulk extracellular fluid.
14

Upon clustering

of the receptors, a myriad of signalling cascades will be activated and, in turn, drive

cytoskeletal reorganisation. This will lead to the formation of a so-called phagocytic

cup, membrane protrusions surrounding the external object.
15

Next, the cup will extend

to fully wrap the external object. Finally, a�er membrane fusion, a membrane-bound
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vacuole is formed, the phagosome. A�er scission from the plasma membrane, this

phagosome still resembles the cellular membrane in membrane composition and the

extracellular medium in its lumen.
5

During phagosome maturation, the final step of

phagocytosis, the engulfed microorganisms or apoptotic bodies are stepwise degraded

through fusion with endosomes and lysosomes.
16,17

It is clear that a very diverse set of objects serve as the targets of phagocytosis. Phago-

cytes, therefore, not only need to discriminate ‘self’ from ‘non-self’, but also distinguish

‘healthy’ from ‘non-healthy’ to maintain cellular homeostasis.
5,12

Despite this hetero-

geneity and the diverse nature of phagocytosis, a set of underlying similarities can be

identified. In all cases, to wrap the membrane around the particle and eventually engulf

it, spatiotemporally coordinated signalling triggering cytoskeletal reorganisation and

membrane rearrangements are required.

1.2 The dynamic actin cytoskeleton
In phagocytes, as in most animal cells, a thin layer of actin cortex underlies the plasma

membrane, providing the cell with mechanical strength and mobility. This cellular

cortex is made up of a dense network of actin filaments, many regulatory proteins, and

myosins.
18,19

Via its close association with the membrane, the dynamics of the actin

cytoskeleton are a main driver of phagocytosis.

Actin filaments (filamentous actin, or F-actin) are composed of monomeric actin (glob-

ular actin, or G-actin) that assembles into dynamic polymers through a treadmilling

mechanism (Figure 1.2a).
20,21

New monomers are added in an ATP-dependent fashion to

the barbed end of the filaments, while depolymerization happens at the pointed end.
20,21

In vivo, countless actin-binding proteins make this into a highly dynamic network charac-

terized by high turnover rates.
22,23

Nucleators, such as the Arp2/3 complex (Figure 1.2b)

and the formin mDia1 (Figure 1.2c), play crucial roles in promoting F-actin.
24

The Arp 2/3 complex, a seven-protein complex, is able to bind the side of an existing

actin filament to nucleate a new filament, thereby forming branched filaments (Fig-

ure 1.2b).
25,26

It is activated by nucleation promoting factors (NPFs), including Wisko�-

Aldrich syndrome family proteins such as WASP and N-WASP.
27,28

Activation is mediated

through their VCA (verprolin, central, acidic) domain which stabilizes at the branching

site.
29

NPFs are bound to and regulated by the plasma membrane and activated through

downstream signaling processes.
30

Formins, like mDia1, nucleate actin filaments at the barbed end, promoting polymeriza-

tion from that end (Figure 1.2c).
24,31

Activation occurs through membrane-associated

factors such as the Rho family of GTPases. By carefully balancing Arp2/3 and mDia1,

it is possible for the cell to tune the resulting structure of F-actin assemblies, leading

either to a more branched network (via Arp2/3) or rather to a linear array of filaments

(via mDia1).
32

A myriad of other actin-binding proteins further regulate the actin cytoskeleton.
33

Examples include severing proteins, such as gelsolin and cofilin, which break down
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filaments and e�ectively free up actin monomers
34

; profilin, which enhances the overall

polymerization rate
35

; or coronins, serving various functions
36

. Finally, molecular motor

proteins like myosin also play a key role as they provide contractility.
37,38

Myosin II, for

example, can move across actin filaments and slide two filaments across each other in

opposite directions, thereby generating force.
39

A resting cell, rather than a static entity,

thus contains a dynamic actin cytoskeleton that is constantly rearranged by a large set

of proteins.

Figure 1.2 | Actin filaments and nucleators. (a) The actin cortex consists of actin filaments

that are assembled via a treadmilling mechanism. The filaments grow from the barbed end, where

monomeric actin is added in an ATP-dependent manner, while depolymerization occurs at the

pointed end. (b) The Arp2/3 complex nucleates branched filaments by binding to the side of an

existing actin filament. (c) The formin mDia1 nucleates actin filaments at the barbed end, promoting

polymerization from that end. Figure adapted from Pak et al. 40
.

1.3 Surveilling the cellular environment
The dynamic nature of the actin cytoskeleton of phagocytes proves beneficial when

probing the cellular environment for potential targets. Active immune surveillance is

needed, as relying solely on encounters through Brownian di�usion is ine�icient. Phago-

cytes e�ectively scout the cellular environment using membrane ru�les - membrane

protrusions of several microns in size.
41,42

These membrane ru�les are driven by local

cytoskeletal rearrangements driven by Arp2/3, leading to the formation of branched

structures.
41

Membrane ru�les increase the likelihood of encountering potential targets

and o�en serve as the initial point of contact between the phagocyte and its target.

Exposure to soluble cytokines or other agonists induce priming of the cell, triggering
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membrane ru�ling and cytoskeletal changes.
6,43

However, these membrane ru�les are

not only important for immune surveillance, but also serve a crucial role in receptor

di�usion.
44

1.4 Receptor-mediated recognition
As mentioned before, phagocytosis is characterized by receptor-mediated recognition.

Given the wide variety of objects targeted for phagocytosis, it is unsurprising that a

wide variety of receptors is involved.
12

External objects can be detected directly, through

surface markers like pathogen-associated molecular pa�erns (PAMPs), which are found

on microorganisms like bacteria and fungi.
6

Toll-like receptors (TLRs) and G protein-

coupled receptors (GPCRs) play a role here, although they alone are not su�icient to

trigger phagocytosis. C-type lectin receptors, capable of binding carbohydrates, are

another group of receptors involved in phagocytosis; an important example is dectin-1,

which binds fungal polysaccharides.
45

In addition to direct detection, external objects can also be indirectly detected through a

process called opsonisation. This involves the deposition of immunoglobins, opsonins, on

the surface of the targets to be engulfed.
6

Fc receptors (FcR), recognizing the Fc region of

immunoglobins, are an important family of opsonin receptors. The Fc
 receptor, which

bind to Fc portion of immunoglobulin G, is the best understood model of phagocytic

receptors and is the most widely studied receptor in context of phagocytosis.
46

Another family of receptors are integrins, which can bind directly to ligands as well as

to opsonised targets. Integrins are activated by an ‘inside-out’ mechanism via di�erent

pathways involving Fc
R, TLRs, and GPCRs. Following activation, their ligand a�inity

increases due to conformational changes, thereby priming phagocytes.
12,47

Integrins are

also thought to serve as mechanosensors.
48

As the deformability of the variety of objects

encountered by phagocytes spans a wide range (several kPa for apoptotic bodies to

hundreds of MPa for bacteria)
49–52

, they could play an additional role in discriminating

between ‘self’ and ‘non-self’.
8

Apart from dectin-1 and Fc
R, none of the phagocytic receptors are fully known to

be su�icient to trigger phagocytosis on their own. However, many other phagocytic

receptors have not been formally tested to determine their su�iciency. O�en, multiple

receptors are concurrently activated, leading to a complex downstream signaling pathway

that is synergistic in nature. Adding to this complexity, microorganisms have developed

multiple mechanisms to inhibit receptor binding and escape phagocytosis.
5

For apoptotic bodies, di�erent recognition mechanisms come into play.
53

A combination

of ‘find me’ and ‘eat me’ signals governs phagocytosis in this context.
54

Apoptotic cells

secrete soluble ‘find me’ signals, chemoa�ractants released to recruit phagocytes.
55

Additionally, they display ‘eat me’ signals, distinguishing them from their healthy coun-

terparts, which exhibit ‘don’t eat me’ signals.
5

The most widely recognized marker for

apoptosis is the occurrence of the lipid phosphatidylserine (PS) on the outer leaflet of

the plasma membrane, whereas in healthy cells, it is mainly localised to the inner leaflet

of plasma membrane.
56
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To provide tight control over the immune response and trigger phagocytosis only when a

target is actually encountered, phagocytes make use of receptor clustering.
12

Given the

abundance of soluble immunoglobins in the cellular environment, clustering provides a

means of discriminating between bound and unbound opsonins.
6

However, this process

of receptor clustering known to be a highly complex and intricate phenomenon in vivo.

1.5 Receptor clustering
In vivo, the mobility of receptors is constrained by several factors, hampering clustering.

In particular, the actin meshwork beneath the plasma membrane acts as a ‘fence’, while

transmembrane proteins tethered to the actin cytoskeleton serve as di�usion barriers, or

‘pickets’.
41,44,57,58

This ‘picket fence’ mechanism significantly reduces the lateral di�usion

rate of receptors. While beneficial in countering premature activation, it potentially

hinders su�iciently fast clustering upon target encounter. To facilitate this clustering,

di�usion must not be a rate-limiting step.

When probing the cellular environment using membrane ru�les, only a brief contact

between cell and target needs to be su�icient to drive phagocytosis. Given the importance

of receptor clustering, many factors play a role here: geometry, size, and distribution

of ligands on phagocytic targets, and surface density of receptors, lateral mobility of

receptors, a�inity, and avidity of receptors in phagocytes. Their respective roles have

not yet been fully elucidated.
41,44,57,58

Once the cell has been activated, F-actin is disrupted in areas where ru�ling is occurring,

increasing the local di�usion of receptors. This is crucial as it elevates the number of

receptor encounters, e�ectively enhancing the chances of receptor clustering upon target

encounter.
41,57

1.6 Signaling pathways and pseudopod formation
Following dynamic probing of the environment by membrane ru�les (Figure 1.3a), an

initial receptor-mediated contact with a target disrupts the actin cytoskeleton, enhancing

lateral mobility of receptors and leading to receptor clustering (Figure 1.3b). This, in turn,

will activate a downstream signaling cascade leading to spatiotemporally coordinated

actin remodeling, forming pseudopods that drive particle engulfment (Figure 1.3b).
41

Clustering of receptors activates a complex downstream signaling cascade with many

di�erent biological players. We here only outline the most important ones that directly

impact cytoskeletal remodeling. Activation of Src-family kinases (SFK) results in activa-

tion of Cdc42, Rac1, and Rac2, which in turn activate NFPs such as WASP, N-WASP and

WAVE. As mentioned before, these promote the Arp2/3 complex and drive branching of

the actin cytoskeleton, supporting pseudopod formation. RhoGTPases are o�en involved

too, leading to the activation of formins. Arp2/3-mediated pseudopod formation is sus-

tained at the leading edge of the phagocytic cup, where mDia elongates the filaments.

At the base of the phagocytic cup, severing proteins are actively deconstructing the actin

network, stopping polymerization and freeing up actin monomers.
8,41,42,59
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Through complex spatiotemporal pa�erns, involving integrin adhesions sustaining recep-

tor engagement and active force generation through the actin cytoskeleton, pseudopod

formation is e�ectively driven forward (Figure 1.3c). Altogether, this is thought to be a

mechanosensitive process, the complex details of which remain to be elucidated.
59

Figure 1.3 | The actin cytoskeleton in phagocytosis. (a) Dynamic probing of the cellular envi-

ronment via Arp2/3-mediated membrane ru�les. Recognition of targets leads to local disruption of

cortical F-actin, increasing the lateral mobility of receptors. (b) Following receptor clustering, down-

stream signaling pathways drive Arp2/3- and mDia-mediated pseudopods leading to engulfment of

the target. (c) Progressive receptor interaction along the surface of the target and dynamic actin

cytoskeletal rearrangements drive full engulfment of the target. (d) At the base of the phagocytic

cup, actin is disassembled in order for endomembrane delivery to sustain the growth of the cup. (e)

Membrane scission, supported by active forces from the actin cytoskeleton, completes phagosome

formation. Figure adapted from Jaumouillé et al. 6
.

Lipids, particularly phosphatidylinositol-4,5-bisphosphate (PIP2), also play a critical role

in the signaling cascade. Through phosphorylation by phosphatidylinositol 3-kinase

(PI3K), PIP2 is converted to phosphatidylinositol (3,4,5)-trisphosphate (PIP3). These lipids

and their dynamic changes are thought to contribute to actin remodeling via regulatory

proteins, thus serving as another key player in phagocytic cup formation.
6,41,58

FERM

domain proteins, such as ezrin, radixin and moesin, interact with PIP2 for example, giving

the cell spatial control of contractility and control over strength of anchoring to the cy-

toskeleton.
57

PIP2 furthermore enhances the activity of regulatory proteins (e.g. WASP),

while PIP3 recruits myosin X.
60

Additionally, PIP2 interacts with profilin, increasing the

overall actin polymerization rate. Complex dynamics underlie lipid di�usion, such as

the observed disappearance of PIP2 at the base of the cup, supporting actin disassembly.

Interestingly, it has been shown that these dynamic changes in lipid compositions are

solely restricted to the phagocytic cup, possibly due to the existence of a di�usion barrier,

forming an isolated part of the membrane and triggering local signaling.
61

Evidently, engulfing larger particles requires a substantial amount of extra membrane

area. Initially, this membrane is derived from the cellular plasma membrane, but this

is later replenished with additional membrane from intracellular organelles, such as

endosomes, lysosomes, or others (Figure 1.3d).
62

These membranes are added at the
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base of the phagocytic cup via SNARE-mediated processes.
5

For this to occur, the actin

cytoskeleton is actively disassembled at the base of the phagocytic cup.
41

When the target is eventually completely surrounded, the membranes fuse to achieve

complete engulfment of the particle. It is known that dynamin and myosin II, as well as

forces from the actin cytoskeleton, are involved in this process.
59

A�er scission of the

membrane-bound vacuole (Figure 1.3e), the phagosome matures, and phagocytosis is

completed.
5,11,12

1.7 The unknowns of phagocytosis
Insights into the mechanisms underlying phagocytosis have primarily emerged from

cellular studies. Despite significant advancements, a comprehensive understanding

remains elusive. It is evident that remodeling of the actin cytoskeleton is the main driver

of the process, as it not only plays a crucial role in the formation of the pseudopods

that shape the membrane invaginations engulfing the target, but also dictates receptor

mobility, a key factor for receptor clustering - a key step in phagocytosis. However, the

details of the spatiotemporal coordination of cytoskeletal remodeling and the individual

roles of cytoskeletal proteins, remain areas of ambiguity. Furthermore, the roles of

myosins
63

and microtubules
64

, a second major component of the cytoskeleton alongside

actin
65

, are not well defined.

Studies on model cell lines initially provided a valuable approach for studying isolated

receptors within the cellular context.
5

More recently, these studies have been comple-

mented by mechanical studies on phagocytes within engineered microenvironments, of-

fering a means of elucidating further physical details.
59

Despite this substantial progress

in our understanding, a large knowledge gap persists, a�ributed to the intricate com-

plexity, large heterogeneity, and vast redundancy inherent in phagocytosis. Exploring

alternative approaches may provide a fresh perspective, potentially bridging existing

gaps and advancing our comprehension of this intriguing cellular process.

1.8 A bo�om-up approach to studying phagocytosis
While cellular research might help to grasp larger concepts, biology o�en proves to be

too convoluted to elucidate intricate details. With over 20,000 human genes and up to

four million proteins per cubic micron in living cells, the biological context is so vastly

complex that our understanding remains limited. Bo�om-up synthetic biology aims to

address this complexity by taking a reductionist approach and building things up from

the ground, adding complexity along the way.
66

A prime example of bo�om-up synthetic biology is the recent e�orts to design and build

an artificial cell. Using Richard Feynman’s famous words, “What I cannot create, I do not

understand”, as a design principle, the Dutch research consortium BaSyC (‘Building a

Synthetic Cell’) was established in 2015 to join nationwide e�orts in building a synthetic

cell (Figure 1.4).
67

Imagining a synthetic cell as a lifelike entity capable of autonomous

growth, information transfer, and division, it is clear a long road lies ahead. However,

by breaking the artificial cell down to its individual building blocks, studying them in
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isolation, and rebuilding cellular functions from the bo�om up, this approach allows for

a detailed understanding of the intricate details underpinning cellular life. In doing so, it

provides mechanistic insights into the most basic unit of life - the cell.

Figure 1.4 | BaSyC – Building a synthetic cell. The aim of the BaSyC consortium is to build an

artificial cell from the bo�om up, containing the di�erent molecular building blocks of cellular life.

Le�: a microscopy image of endothelial cells with a fluorescently labeled nucleus (blue), tubulin

(green), and F-actin (red). Right: artist’s impression of a synthetic cell by Graham Johnson depicting

the cell division machinery (blue), DNA processing components (orange/red), and cell fueling parts

(green).

Reflecting on phagocytosis, one cannot help but consider a similar approach. Imagine

peeling away layers of complexity, revealing only those elements essential for initiating

cytoskeletal rearrangements and driving membrane remodeling for target engulfment.

Such a strategic simplification could not only reduce complexity, remove cellular crosstalk

and redundancy, but simultaneously also enhance our control over the process (Fig-

ure 1.5a). Consequently, such an approach enables a focused study of the fundamental

mechanics underlying phagocytosis, a process inherently too complex in vivo.

Figure 1.5 | Studying phagocytosis in a bo�om-up synthetic biology way. (a) Reconstituting

phagocytosis in a minimal way allows us to reduce the complexity of the process while enhancing

our control. This, in turn, facilitates the study of elementary details of the interactions between the

cellular membrane and cytoskeleton, as well as the interactions between the cell and the external

target of phagocytosis. (b) Conceptual representation of a ‘minimal phagocyte’: a synthetic, cell-like

entity designed for reconstituting phagocytosis. This artificial system includes an artificial receptor

system mimicking phagocytic receptors, and a minimal actin cytoskeleton, replacing the cellular

cortex. Such ‘minimal phagocyte’ provides a platform for investigating fundamental questions

regarding the essential components and mechanisms underlying phagocytic processes.
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We can conceptualize a ‘minimal phagocyte’ (Figure 1.5b): a synthetic, cell-like entity,

containing an artificial receptor system that mimics phagocytic receptors and a minimal

actin cytoskeleton, replacing the complex cellular cortex. Such a system would facilitate

addressing fundamental questions, such as whether Arp2/3-mediated actin polymeriza-

tion is su�icient or merely necessary alongside formin-mediated actin polymerization

and opens the door to addressing the most fundamental question: What is the minimal
set of components needed to initiate phagocytosis?
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Outline of this thesis

In this Prologue, I introduced the process of phagocytosis, explained its profound

biological relevance, and gave a brief overview of the molecular mechanisms underlying

it. Despite the vast body of research dedicated to phagocytosis over the years, numerous

questions still remain today. The basic biophysical principles and underlying mechanisms

regarding cytoskeletal reorganization and membrane rearrangements, underpinning all

forms of phagocytosis, remain to be fully elucidated. I argued that an in vitro, bo�om-up

synthetic biology approach could o�er valuable insights. By removing phagocytosis from

its cellular context, complexity is reduced while experimental control in increased. This

provides a platform to answer basic questions, such as identifying the minimal set of

components needed for phagocytosis or pinpointing the roles of cytoskeletal components

in the process. Such a reductionist approach could go hand in hand with existing cellular

research, leading to a synergistic understanding in the future. Throughout the remainder

of this thesis, I will gradually outline the steps toward such bo�om-up synthetic biology

approach to studying phagocytosis.

Part ii focuses on the bo�om-up fabrication of giant unilamellar vesicles (GUVs), which

serve as our model membrane system of choice. Chapter 3 details an optimized method

for GUV fabrication called continuous droplet interface crossing encapsulation, or cDICE.

By tightly controlling environmental conditions and tuning the lipid-in-oil dispersion,

we show that it is possible to significantly improve the reproducibility of high-quality

GUV formation and encapsulation e�iciency. Additionally, we demonstrate e�icient

encapsulation of various biological systems, showcasing the method’s wide applicability.

Moving to Chapter 4, we delve deeper into cDICE to gain a be�er mechanistic under-

standing of GUV formation. Visualizing GUV formation in real-time using a custom-built

high-speed microscope, we show a complex droplet formation process at the capillary

13
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orifice, generating both larger droplets and, likely, GUV-sized satellite droplets. Further

results, combined with theoretical modeling of the system’s fluid dynamics, hint at a

size-selective transfer of droplets through the oil-water interface resulting in distinct final

GUV sizes. Finally, we show that proteins in the inner solution a�ect GUV formation by

increasing viscosity and altering lipid adsorption kinetics. These finding not only lead

to a be�er understanding of GUV formation processes in cDICE but, by extension, in

emulsion-based methods in general. Ultimately, this will aid the development of more

reliable and e�icient methods for GUV production. Concluding Part II in Chapter 5, we

provide an extensive overview of di�erent GUV production methods in synthetic biology

today. While well-studied swelling-based methods o�er a broad range of lipid compo-

sitions, they come at the expense of limited encapsulation e�iciency. Emulsion-based

methods on the other hand, excel at encapsulation but are only e�ective with a limited

set of membrane compositions and may entrap residual additives in the lipid bilayer.

We discuss the state-of-the-art in various GUV production methods, considering their

compatibility with specific membrane and encapsulation requirements, and address

o�en-overlooked operational requirements such as reproducibility and ease of use. This

comprehensive overview enables researchers to make an informed choise of the method

most suited for their particular application.

In Part iii, I lay the groundwork for an experimental platform for a bo�om-up synthetic

biology approach to study phagocytosis, termed the ‘minimal phagocyte’. Chapter 6
introduces a specialized toolbox containing all elements needed to strip this complex

phagocytic process to its minimal set of components. Having explored and optimized

GUV formation in Part II, we here systematically explore the other components needed.

We successfully incorporate two membrane-spanning peptides into the GUV membrane,

designed to enable the localization of actin polymerization. To induce this localized

actin polymerization, we explore the binding of streptavidin-coated beads and DBCO-

labelled VCA to this membrane-spanning peptide from the outside and the luminal

side, respectively. Furthermore, we replicate a microfluidic GUV trapping protocol,

enabling time-resolved and parallel studies of single GUVs. Finally, we present an initial

experiment toward the integration of di�erent components, marking a crucial step

toward spatially triggering actin polymerization and highlighting the future potential of

our approach.

In the Epilogue, I bring this thesis to a close by, on the one hand, reviewing the progress

made, while on the other hand, focusing on uncovering potential avenues for future

research and contextualizing the results in a broader sense.
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Optimized cDICE for e�icient

reconstitution of biological systems

in giant unilamellar vesicles

▶ Giant unilamellar vesicles (GUVs) are o�en used to mimic biological membranes in

reconstitution experiments. They are also widely used in research on synthetic cells, as

they provide a mechanically responsive reaction compartment that allows for controlled

exchange of reactants with the environment. However, while many methods exist to

encapsulate functional biomolecules in GUVs, there is no one-size-fits-all solution and

reliable GUV fabrication still remains a major experimental hurdle in the field. Here, we

show that defect-free GUVs containing complex biochemical systems can be generated

by optimizing a double-emulsion method for GUV formation called continuous droplet

interface crossing encapsulation (cDICE). By tightly controlling environmental conditions

and tuning the lipid-in-oil dispersion, we show that it is possible to significantly improve

the reproducibility of high-quality GUV formation as well as the encapsulation e�iciency.

We demonstrate e�icient encapsulation for a range of biological systems including a

minimal actin cytoskeleton, membrane-anchored DNA nanostructures, and a functional

PURE (protein synthesis using recombinant elements) system. Our optimized cDICE

method displays promising potential to become a standard method in biophysics and

bo�om-up synthetic biology.
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Systems in Giant Unilamellar Vesicles”, ACS Synthetic Biology, vol. 10, no. 7, pp. 1690–1702, 2021.
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3.1 Introduction
Cellular life is enabled by countless interacting molecules and biochemical reactions

with a high degree of interconnectivity and redundancy. Reconstituting cell biological

processes using only their minimal functional units from the bo�om-up is therefore

very helpful to study cellular mechanisms on a molecular and mechanistic level.
66,68,69

The field of bo�om-up synthetic biology has gained a lot of traction over the past

decade, an evolution synchronized with the emergence of several di�erent consortia

worldwide to lead the journey toward functional reconstitution of all basic cellular

functions, culminating in the creation of a minimal synthetic cell.
67,70–72

In this synthetic cell community, giant unilamellar vesicles (GUVs) are widely used

as cell-sized, lipid bilayer-enclosed reaction compartments that can be visualized by

real-time microscopy and directly manipulated using biophysical tools.
73–76

Using GUVs

as a basis for a functional synthetic cell requires encapsulation of di�erent biological

modules in a precise stoichiometry, consisting of a variety of biomolecules ranging in size

and charge. However, state-of-the-art GUV fabrication methods are still far from ideal

in establishing complex reconstituted systems. On the one hand, easy-to-implement and

high-yield methods, such as natural swelling,
77

electroformation,
78–81

and gel-assisted

swelling,
82–85

o�er poor control over encapsulation e�iciency and stoichiometry, and

inconveniently contain the same solution on the in- and outside. On the other hand,

emulsion-based techniques, in which GUVs are generated from water-in-oil droplets

crossing an oil-water interface (using gravity, centrifugation, microfluidic devices, or

microfluidic je�ing
86–92

), o�er more control over GUV content and size monodispersity,

but at the cost of being less reliable and more technologically advanced, and therefore

less accessible.

A promising method that is increasingly being used for complex reconstitutions is con-

tinuous droplet interface crossing encapsulation (cDICE). This double-emulsion based

technique relies on the continuous transfer of capillary-generated water-in-oil droplets

across an oil–water interface using centrifugal force.
93

Requiring only easy-to-operate

laboratory instrumentation, cDICE can in principle provide high yields while being

less technologically demanding than microfluidic-based approaches and allowing for

more control over size and encapsulated content than swelling methods.
93,94

However,

despite promising first outcomes, using cDICE for protein encapsulation has remained

di�icult, beyond a few specific cases.
95–98

At least in part, this is likely due to our lack in

understanding of the physical process of vesicle formation and of which parameters are

essential to control tightly for the method to work robustly. Significant lab-to-lab vari-

ability and constant adaptations to the protocol devised by various laboratories
93–95,98

have also made it hard to reproduce results across di�erent institutions, leading to the

technique being far from accessible.

Here, we aimed to gain a be�er understanding of the parameters influencing both vesicle

formation and encapsulation e�iciency in cDICE, allowing us to design an accessible,

robust, and reproducible workflow for di�erent encapsulation needs. We show that

control of environmental conditions is crucial for reliable formation of defect-free GUVs
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(i.e., the vesicular membrane is uniform at optical length-scales and does not contain

visible lipid pockets) at high yields. Furthermore, we demonstrate di�erent approaches

for enhancing the encapsulation e�iciency of cDICE by changing the composition of

the lipid-in-oil dispersion. We thus provide future users with a detailed protocol for

GUV fabrication and a toolbox that can form a firm basis for further experiment-specific

optimization. By reproducing key experiments across multiple laboratories in di�erent

locations and encapsulating a large variety of biological systems, from the encapsulation

of purified proteins to the PURE in vitro transcription-translation system, membrane-

anchored DNA origami, and bacteria, we show robustness and versatility of the method.

Overall, we demonstrate that our improved cDICE protocol shows great promise for a

wide range of complex reconstitution processes in the future, overcoming a major hurdle

on the route toward functional synthetic cells.

3.2 Results
3.2.1 Environmental control is essential for producing defect-free GUVs with cDICE

To improve the robustness of the cDICE method, we sought to systematically screen var-

ious experimental parameters that might influence GUV formation in cDICE. A typical

cDICE setup (Figure 3.1a) consists of a rotating chamber containing two concentric fluid

layers: an inner, lower-density lipid-containing oil phase and an outer, aqueous layer.

The aqueous solution to be encapsulated is injected into the lipid-in-oil layer through

a capillary, leading to the formation of water-in-oil droplets at the capillary orifice. As

these droplets travel outward and traverse the interface of the oil with the outer aqueous

phase, a bilayer is formed, yielding GUVs, collected in the outer layer of the system (Fig-

ure 3.1a). GUV formation is thus dependent on the properties of all phases and on other

experimental parameters, such as rotation speed and capillary size.
93

When we sought

to enhance the consistency of vesicle production in this inherently sensitive experimental

system, the first striking improvement was made by using a chloroform-based lipid-in-oil

dispersion
98

as oil phase and preparing it in a humidity-free environment, i.e., inside a

glovebox. Without the use of a glovebox, GUVs were generated but the sample contained

a lot of residual membrane material, such as free tubes and fluorescent aggregates, and

the vast majority of GUVs showed visible fluorescent pockets or budding membrane

structures (Figure 3.1b). In contrast, when the lipid-in-oil dispersion was prepared in a

glovebox, samples were much cleaner with most GUVs having quasi-spherical shapes

without visible lipid pockets or budding membrane structures (Figure 3.1c).

In line with this observation, preparation of the lipid-in-oil dispersion inside a glovebox

also a�ected its macroscopic appearance: oil dispersions prepared in a humidity-free

environment were transparent, while preparations outside a glovebox yielded visibly

opaque dispersions, as quantified by turbidity measurements (A350 = 0.10 ± 0.05 vs
0.42 ± 0.10, Figure 3.5). Furthermore, we analyzed the lipid adsorption kinetics of the

di�erent oil dispersions using pendant drop measurements,
99

where a drop of aqueous

solution is suspended in a lipid-in-oil mixture, mimicking the process happening at the

orifice of the cDICE capillary. Without humidity control, interfacial tension decreased

much faster (Figure 3.6), indicating faster adsorption of lipids to the oil–water interface.
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In combination with the adverse e�ect on vesicle quality, our experiments suggest

that presence of water in the lipid-in-oil dispersion interferes with vesicle formation

and bilayer quality via changing the microscopic organization of the lipids and their

adsorptive behavior.

Figure 3.1 | General overview of the cDICE technique and influence of environmental
conditions. (a) Cross-sectional schematic of the cDICE method. The center image displays the

3D printed rotation chamber, with the di�erent fluid layers colored di�erently for illustration

purposes. The rightmost image displays the custom-built spinning device that accommodates the

3D printed rotation chamber. The capillary is inserted using an adjustable magnetic base to allow

spatial flexibility upon insertion. During experiments, this setup is connected to a syringe and

syringe pump. (b) Representative field of view of GUVs formed using a chloroform-based lipid-in-oil

dispersion prepared outside of the glovebox. ATTO 655 DOPE was used as a membrane stain and

images were taken using confocal microscopy. Most GUVs contain artifacts in the lipid membrane,

and examples are indicated with arrows. Scale bar indicates 20 µm. (c) Representative field of

view of GUVs formed using the final protocol including the use of a glovebox. ATTO 655 DOPE

was used as a membrane stain and images were taken using confocal microscopy. Most GUVs are

spherical and possess a clean membrane, and only a small population of GUVs still shows artifacts,

as indicated with an arrow. Scale bar indicates 20 µm. (d) Size distribution of GUVs made of DOPC

lipids, obtained by the optimized protocol. The distribution is fi�ed to a log-normal function (red

curve).

It is well-known that humidity values change throughout the year, reaching highest

values in summer. This seasonal dependency in daily relative humidity can be as large as

several tens in percentage,
100

equivalent to the range of 40-75% that we observed in the

lab. Given the importance of humidity in preparation of the lipid-in-oil dispersion, we

extended environmental control to regulating humidity in the room where the cDICE

experiments were performed by using a dehumidifier. Indeed, dehumidification down

to 30-40% resulted in smaller variability between lipid adsorption kinetics as measured

in pendant drop experiments (Figure 3.5), indicating a more reproducible adsorption

behavior. In line with the lower variability found in lipid adsorption rates, dehumidifi-



3.2 Results 21

cation also proved to be essential for reliable production of clean vesicles throughout

the year. Taken together, using a glovebox for preparation of the lipid-in-oil dispersion

and storage of its components, and performing cDICE experiments in a continuously

dehumidified room, resulted in a robust formation of clean GUVs.

In the original cDICE paper,
93

as well as in other follow-up studies,
94,95,101,102

injection

capillaries were pulled from glass tubes to final orifice diameters of a maximum of 20 µm.

Since we found these narrow glass capillaries to be a significant source of experimental

variation and problems due to easy clogging of the orifice, we instead used commercially

available fused silica capillary tubing with larger diameters (25, 50, and 100 µm) to allow

for more consistent results, as previously used by Litschel et al.98
We found that using all

three capillary sizes, our chloroform-based lipid-in-oil dispersion and optimized workflow

led to high yields of GUVs with a mean diameter of 12 µm and coe�icient of variation of

47% for a capillary size of 100 µm and rotation speed of 1900 rpm (Figure 3.1d). The size

distributions of the GUVs did not significantly change across the di�erent capillary sizes

(Figure 3.7) and they were broader than the ones previously obtained for smaller orifice

sizes.
93

However, the lack of control over GUV size is compensated by a much-improved

reliability of encapsulation and GUV formation due to avoidance of clogging, in particular

for 100 µm fused silica capillaries. Other capillary materials were also successfully used,

i.e., 100 µm PEEK capillary tubing. Changes in rotation speed (1000-2900 rpm) also did

not alter the size distributions for the di�erent orifice diameters (Figure 3.7). No precise

control of rotation speed is thus needed in order to get robust GUV formation, with size

distributions in an ideal range for bo�om-up reconstitution of eukaryotic cells. In terms

of yield, the absolute number of GUVs obtained using the optimized cDICE protocol

is dependent on total encapsulation volume, flow rate, and characteristics of the used

biological agents. From the average number of GUVs visible per field of view, we estimate

the absolute number of GUVs to reach well over 1000 vesicles in a typical experiment

(100 µL of inner aqueous solution and a flow rate of 25 µL min
−1

).

3.2.2 Unilamellarity of cDICE-produced GUVs

Many reconstitution experiments require unilamellar lipid membranes, as this determines

permeability and mechanical properties of the GUV and is needed for insertion of

transmembrane proteins, including pore proteins, into the bilayer. Therefore, we next

aimed to investigate if our GUV membranes were unilamellar by monitoring insertion

of alpha-hemolysin, a protein that assembles a heptameric pore structure in the lipid

membranes with a diameter of 14 Å, through which small molecules can pass and which

is highly sensitive to the thickness of lipid bilayers.
103,104

As a tracer, we encapsulated

5 µM of the fluorescent dye Alexa Fluor 488 (643 Da) and we immobilized the GUVs within

a polyisocyanide hydrogel
105

to aid long-term imaging.
106

A�er that, alpha-hemolysin

was added to the chamber and fluorescent imaging was immediately started. Within

minutes following alpha-hemolysin addition, all GUVs observed started to lose their

fluorescent content and all had lost 50% of their content a�er ∼20 min (Figure 3.2a, top

row; Figure 3.2b, red curve). In stark contrast, when only alpha-hemolysin bu�er was

added to the GUVs as a control, fluorescent molecules were clearly retained within all
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GUVs (Figure 3.2a, bo�om row; Figure 3.2b, blue curve). This indicated that loss of GUV

content was due to pore formation and hence membrane unilamellarity. Furthermore,

individual GUV membrane intensities normalized by the population’s mean membrane

intensity are consistently distributed around unity, indicating a homogeneous lamellarity

over the GUV population (Figure 3.2c). Taken together, our results clearly show that the

cDICE method produces unilamellar GUVs.

Figure 3.2 | Incorporation of alpha-hemolysin pore protein demonstrates unilamellarity of
GUV membrane. (a) Fluorescence microscopy images of single GUVs prepared using a chloroform-

based lipid-in-oil dispersion showing di�erent membrane permeability in presence (top row) or

absence (bo�om row) of alpha-hemolysin. When the pore protein is added to the lipid membrane

(red, rhodamine-PE membrane stain), the encapsulated fluorescent dye (green, Alexa Fluor 488)

is released in the outer environment within a few minutes. When only alpha-hemolysin bu�er is

added as a control instead, fluorescent molecules are retained within the GUV volume. Scale bar

indicates 5 µm. (b) �antitative analysis of GUV fluorescent content loss over time. In presence of

alpha-hemolysin (blue curve), Alexa Fluor 488 signal intensity decreases down to 50% of the initial

value within the first 20 min, while in absence of pores (red curve) only a minor decrease (<10%),

likely due to photobleaching, is detected. (c) Histogram showing GUV membrane fluorescence

intensities compared to the overall GUV population.

3.2.3 Improvement of encapsulation e�iciency

To allow for complex reconstitution experiments, it is essential to have control over the

encapsulation of functional biomolecules in the right stoichiometric ratios. We probed

the encapsulation e�iciency of our improved cDICE protocol by encapsulation of the cy-

toskeletal protein actin, a broadly used protein in the synthetic biology field.
107

While all

experiments using our optimized cDICE protocol resulted in successful encapsulation of

monomeric actin in GUVs at high vesicle yields, automated analysis of actin fluorescence

at the equatorial plane of the GUV from confocal fluorescence imaging surprisingly

revealed a substantial fraction of GUVs with very low actin content, indicating that

many of the formed vesicles were seemingly empty (23%, Figure 3.3a, Figure 3.8a). We

tested if the encapsulation e�iciency could be improved by using di�erent lipid-in-oil

mixtures. We reasoned that the encapsulation e�iciency may depend on the lipid adsorp-
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tion kinetics, as it has been reported earlier that the dispersion method of lipids had a

strong e�ect on their adsorptive behavior.
108

Therefore, we investigated the e�ect of lipid

dispersion strategy on adsorption kinetics, GUV formation, and encapsulation e�iciency

for three lipid mixtures: lipids in chloroform dispersed as aggregates in a 80:20 mixture

of silicon and mineral oil as mentioned above, a similar dispersion of lipid aggregates

but using decane instead of chloroform, and a lipid–chloroform solution in mineral oil

only. Chloroform and decane serve as good solvents for the lipids, while the lipids do not

dissolve in the oils. This way, we aimed to produce di�erent lipid-in-oil dispersions with

various aggregation states, with the mineral oil dispersion having smallest aggregate

size, and both chloroform- and decane-based lipid dispersions having larger aggregate

sizes.
108

Figure 3.3 | Improved encapsulation by tuning of the lipid-in-oil dispersion. (a) Encap-

sulation e�iciency of G-actin using a chloroform-based lipid dispersion (blue) and decane-based

lipid dispersion (orange). The first bin represents GUVs with very low fluorescence intensity, and

represents 23% of the population for the chloroform-based lipid dispersion and only 10% for the

decane-based lipid dispersion. (b) Interfacial tension decrease measured for a pendant droplet

of G-bu�er in di�erent lipid-in-oil mixtures. Solid lines show averaged data with standard devia-

tion for a lipid–chloroform solution in mineral oil only (yellow, n = 9), dispersed lipid aggregates

using chloroform (blue, n = 13), or decane (orange, n = 7) in silicone oil:mineral oil 80:20 and a

chloroform-based lipid-in-oil dispersion with 0.01 mol % of PEGylated lipids (green, n = 9). The

dashed lines indicate individual events where the droplet fell o�, which gave rise to apparent jumps

in the averaged curves. When using the decane-based dispersion, all droplets detached within

seconds. (c) Size distribution of GUVs made using a chloroform-based lipid dispersion (blue) and

decane-based lipid dispersion (orange). (d) Box plots of the YFP expression a�er 5 h of incubation

in GUVs obtained using dispersed lipid aggregates using chloroform (blue), decane (orange), and

a chloroform-based lipid-in-oil dispersion with 0.01 mol % of PEGylated lipids (green). The boxes

represent IQR (25th–75th percentiles), the center line indicates the median and the whiskers extend

to the maximum and minimum value excluding outliers. Outliers are individually indicated using

plus symbols. (e) Time-lapse images of YFP expression in a single GUV using a chloroform-based

lipid-in-oil dispersion with 0.01 mol % of PEGylated lipids. Scale bar indicates 5 µm.
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First, we confirmed the aggregation state of the lipids by absorbance measurements.

Indeed, the mineral oil dispersion was much less turbid (A350 = 0.03 ± 0.01) than the

chloroform- or decane-based dispersion (A350 = 0.10 ± 0.05 and A350 = 0.20 ± 0.12 re-

spectively, Figure 3.5), indicating that the la�er two have a higher propensity to form

aggregates. Pendant drop measurements showed that dispersing lipids as aggregates

using chloroform resulted in fast lipid adsorption (Figure 3.3b, blue curve), indicating

fast monolayer formation. The decane-based lipid dispersion resulted in even faster

adsorption, with all droplets detaching within several seconds (Figure 3.3b, orange curve).

In contrast, lipids dispersed in mineral oil exhibited a slower and smaller decrease of

interfacial tension (Figure 3.3b, yellow curve), meaning slow adsorption of lipids to the

oil–water interface and a small coverage of the final interface. In line with the idea

that faster stabilization of the oil–water interface by faster lipid adsorption leads to

more robust monolayer formation, we observed no GUV formation when using lipids

dispersed in mineral oil, whereas experiments using lipids dispersed as aggregates in

a 80:20 mixture of silicon and mineral oil using chloroform or decane gave large GUV

yields (Figure 3.8).

We then tested if the fast-adsorbing decane mixture could improve the encapsulation

e�iciency of cDICE. In stark contrast to the encapsulation of G-actin using chloroform as

an organic solvent, using a decane-based lipid dispersion resulted in a significant decrease

of the fraction of seemingly empty vesicles (10% vs 23%, Figure 3.3a, Figure 3.8). Although

large di�erences in both adsorption kinetics and encapsulation e�iciency can be observed

between decane- and chloroform-based lipid-in-oil dispersions, they yield GUVs similar

in size distribution, size polydispersity, and visual membrane cleanliness (Figure 3.3c,

Figure 3.8). We also note that the lipid adsorption behavior of the chloroform-based

dispersion is highly variable, much more so than for decane-based lipid dispersions or

lipids dispersed in mineral oil only (Figure 3.3b). Since the lipid dispersions are metastable

mixtures and chloroform readily evaporates under ambient conditions, changes to their

composition happen on time scales similar to the experimental runtime. Indeed, time-

dependent absorbance measurements indicated a rapid change in oil turbidity, indicative

of an increase in aggregate size, on the time scale of minutes, confirming the intrinsic

instability of chloroform-based lipid dispersions (Figure 3.9).

E�icient encapsulation is particularly important for reconstitution of cell-free gene

expression reactions (in vitro transcription–translation systems) within GUVs, as the

relative stoichiometry of their components has to be rather closely retained for optimal

functioning.
109

Functionality might further be a�ected by possible hydrophobic interac-

tions of the protein components with organic solvents during encapsulation, although

some groups already successfully encapsulated in vitro transcription–translation systems

with emulsion-droplet transfer-
110–112

and microfluidic-based methods.
113

To our knowl-

edge, functional encapsulation of a cell-free gene expression (e.g. the Protein synthesis

Using Recombinant Elements (PURE) system
114

has never been demonstrated for GUVs

produced with the cDICE method. We therefore explored if we could encapsulate the

PURE system using our improved cDICE protocol. To this end, GUVs encapsulating

PUREfrex2.0, a commercially available PURE system, along with a linear DNA construct



3.2 Results 25

coding for yellow fluorescent protein (YFP), were produced using both a chloroform-

based lipid dispersion and a decane-based lipid dispersion. Gene expression in GUVs

incubated at 37 °C was monitored by imaging YFP production within the GUV lumen

over time. We observed that the di�erent dispersion strategies used for GUV fabrication

influenced the level of gene expression: the distribution of luminal fluorescence intensity

a�er 5 h of gene expression employing decane-based lipid aggregates showed improved

gene expression levels compared to the encapsulation using chloroform-based lipid ag-

gregates, which barely yielded any YFP expressing GUVs at all. Nevertheless, both gene

expression levels and numbers of YFP expressing GUVs were still very low (Figure 3.3d

and Figure 3.10a,b).

In addition to the lipid dispersion strategy, the lipid composition of the bilayer mem-

brane can also alter adsorption kinetics and hence improve encapsulation e�iciency.

In particular, PEGylated lipids, lipids with a flexible poly(ethylene) glycol (PEG) linker,

are o�en proposed to boost robust vesicle formation for various protocols.
82,115–117

We

therefore investigated if doping the vesicular membrane with 0.01 mol% 18:0 PEG2000

PE could improve encapsulation of the PURE system when using cDICE. The presence of

PEGylated lipids slightly increased the adsorption rate of lipids to the oil–water interface

(Figure 3.3b, green curve). Interestingly, doping the membrane with 0.01 mol% PEGy-

lated lipids greatly enhanced expression of the encapsulated PURE system and resulted

in the highest gene expression levels and a large population of GUVs expressing YFP

(Figure 3.3d, e and Figure 3.10c). These results show that optimization of encapsulation

e�iciency both via lipid dispersion and lipid composition is crucial to allow for functional

reconstitution of complex reactions such as the PURE system in GUVs made using

cDICE.

3.2.4 Proof-of-concept experiments illustrate versatility of the optimized workflow

Finally, to investigate the broad applicability of our improved cDICE method, we aimed

to reconstitute a wide range of minimal systems inside cDICE-made GUVs (Figure 3.4).

First, we encapsulated a minimal, branched actin network. In eukaryotic cells, the actin

cortex is the protein machinery responsible for cell division.
118,119

Reconstitution of a

functional actin cortex anchored to the inner leaflet of the GUV membrane therefore

o�ers an a�ractive route to induce GUV constriction, and possibly membrane fission, in

synthetic cells. Our minimal actin cortex consisted of actin together with the verpolin

homology, cofilin, and acidic domain of the Wiscot-Aldrin Syndrome protein (VCA), the

Arp2/3 complex, and profilin. The Arp2/3 complex is an actin nucleator responsible for

promoting formation of a branched actin network at the cell membrane.
120,121

VCA was

His-tagged to be able to bind to DGS-NTA(Ni) lipids in the membrane.
122,123

Together

with Arp2/3, VCA promoted localized nucleation of a branched cortex at the membrane,

while profilin was used to prevent actin polymerization in the GUV lumen.
124,125

Actin

displayed a clear localization at the GUV membrane (Figure 3.4a,i, Figure 3.11a), similarly

to what was obtained using other GUV fabrication methods.
126,127

In the absence of

membrane anchors and nucleators, actin was uniformly distributed within the GUV

volume (Figure 3.4a,i).
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As a synthetic mimic of the cellular actin cortex, we encapsulated DNA origami nanos-

tructures
128

that are capable of lateral cross-linking at the vesicular membrane. These

four-armed DNA assemblies (Figure 3.12) di�use freely in the lumen of the GUV but

were e�iciently recruited to the membrane upon co-encapsulation of a cholesterol-

oligonucleotide membrane anchor that binds single-stranded DNA sites on the origami

((Figure 3.4a,ii, Figure 3.11b)). Here, the monomeric DNA tiles freely di�use in the mem-

brane plane and form a precortex. We also successfully encapsulated small unilamellar

vesicles (SUVs, ∼100 nm diameter),
74

mimicking multicompartmental cellular systems

(Figure 3.4a,iii, Figure 3.11c). In the future, these compartments could be designed to

trigger or sustain intravesicular reactions, allowing control over biochemical reactions

inside the GUV lumen.
129–131

Figure 3.4 | Proof-of-concept experiments showing versatility of cDICE and its applicability
for the synthetic cell community. (a) Overview: GUVs as artificial membrane systems to mimic

cellular membranes and membrane interactions. (i) Reconstitution of a minimal actin cortex inside

a GUV, nucleated at the vesicular membrane by the Arp2/3 complex, the C-terminal VCA domain

of WASp, and profilin. Scale bar indicates 5 µm. (ii) Encapsulation of DNA origami nanostructures,

freely di�using inside the GUV lumen and capable of membrane localization upon addition of

2 µM of cholesterol-oligonucleotides. Scale bar indicates 15 µm. (iii) Encapsulation of SUVs inside

GUVs to form a multicompartmentalized system. Scale bars indicate 20 µm. (iv) Encapsulation of

PUREfrex2.0 and DNA encoding for YFP. Scale bar indicates 10 µm. (b) Encapsulation of GFP-HU

expressing E. coli bacteria. A large number of bacteria could be observed inside the GUV lumen,

clearly viable as evident from their motility. Scale bar indicates 20 µm.

Furthermore, as mentioned above, our cDICE method can be used to encapsulate a

functional in vitro transcription–translation system (the PURE system), provided PE-

Gylated lipids are included in the lipid mixture (Figure 3.4a,iv). The broad applicability

of cDICE is further demonstrated by the successful encapsulation of objects that are

large compared to the GUV size, i.e., entire E. coli bacteria (Figure 3.4b, Figure 3.11d).

Cylindrical in shape, with a length of approximately 3 µm and a diameter of 1 µm,
132

these are several orders of magnitude larger than even many DNA origami structures.

The bacteria were clearly mobile inside the GUVs (Figure 3.13), showing that the cDICE

process does not significantly a�ect their viability. Encapsulating live bacteria inside

synthetic cells could be a promising route to combine "the best of both worlds", e.g.

photosynthetic cyanobacteria could be repurposed as "chloroplasts" for the synthetic

cell, similar to a recent study which included chloroplasts isolated from plant cells.
133
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Overall, the improved cDICE method is shown to be capable of encapsulating a variety

of functional minimal systems related to cell mechanics, cell metabolism, and gene

expression, all required for the generation of a synthetic cell.

3.3 Discussion
A good understanding of the parameters influencing the GUV formation process in

cDICE is crucial, especially for design of reconstitution experiments beyond first proof-

of-concept experiments. Here, we showed that tight control over the lipid-in-oil mixture

is key to successful and reproducible GUV formation. We found that membrane qual-

ity, which a�ects mechanical measurements and quantitative fluorescence analysis,

was strongly improved by environmental control over preparation and handling of the

lipid-in-oil dispersion, notably handling the lipid dispersion in a humidity-free environ-

ment (i.e., a glovebox) and decreasing humidity to 30% during vesicle formation. We

hypothesize that air humidity a�ects bilayer formation by changing the microscopic

aggregation state of the lipid-in-oil mixture, and thereby the lipid adsorption behavior.

Partial hydration of lipids could possibly lead to the formation of larger lipid aggregates,

such as reverse micelles or lamellar structures, hindering proper mono- and bilayer for-

mation. Yet, fully understanding the microscopic mechanics of this thermodynamically

unstable, multicomponent system remains di�icult.
134,135

Importantly, we also demon-

strated the unilamellarity of the formed GUVs by correct insertion of alpha-hemolysin

to allow pore formation. Although the appearance of the GUV membranes was vis-

ibly improved upon environmental control, a common concern remains the possible

presence of residual oil traces in the membrane. However, it was shown in previous

work that cDICE-formed GUVs are unlikely to have large traces of oil persisting in the

membrane.
93,94

It is unknown whether transmembrane proteins are a�ected by the

presence of residual oil in vesicular membranes but interestingly, recent work indicates

that it does not significantly alter the static, mechanical membrane properties of the

GUVs compared to electroformed GUVs.
136–138

Altogether, this makes vesicle formation

with the improved protocol compatible with reconstitution experiments requiring clean

unilamellar membranes, such as studies involving membrane mechanics or membrane

permeability.

Furthermore, we showed that the dispersion state of the lipids is crucial for e�icient

GUV formation using cDICE. As other existing protocols show, many di�erent lipid-in-

oil mixtures can be used for GUV formation.
93–95,98,108

In particular, Claudet et al.108

found lipids dispersed as aggregates in an oil phase to promote more e�icient bilayer

formation. We provide experimental evidence that indeed the lipid bulk aggregated state

strongly influences adsorption kinetics and thereby vesicle formation, supporting and

explaining the observations of Claudet et al.108
Our tensiometry findings also indicate

that not solely adsorption speed is of importance for proper bilayer formation, but the

structure and content of the lipid aggregates is equally important for mono- and bilayer

formation. Hence, having lipids dispersed as aggregates alongside humidity control is

essential for clean GUV formation. This indicates a nontrivial relation between lipid

properties, lipid dispersion state, adsorption kinetics and the final membrane quality.
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Adsorption speed as measured by pendant drop experiments can therefore not be used

as a stand-alone quantity to assess whether a given lipid-in-oil mixture will support GUV

formation in cDICE. Future research into the molecular mechanisms of the lipid-in-oil

dispersions could involve a systematic characterization of the lipid aggregates species

via, for example, dynamic light sca�ering (DLS) or electron microscopy (EM).

By tuning the lipid-in-oil dispersion with di�erent organic solvents or di�erent types of

lipids, the encapsulation e�iciency of cDICE could be improved. Faster lipid adsorption

when using a decane-based dispersion, as compared to using a chloroform-based disper-

sion, led to a be�er G-actin encapsulation. For functional encapsulation of the PURE

system on the other hand, the presence of PEGylated lipids proved to be crucial. This

cell-free expression system has a complex molecular composition and all the individual

components need to be present in order to yield a functional readout. While addition of

PEGylated lipids has proven to be very e�ective for encapsulation of the PURE system

with cDICE, it should be noted that PEGylated lipids can have adverse e�ects on protein

functionality and membrane physicochemical behavior, as the polymer chains introduce

crowding and steric repulsion of components from the membrane as well as a�ect the

membrane thickness.
139

In this case, our experiments suggest that depending on the en-

capsulated species, PEGylated lipids can be avoided and high encapsulation e�iciencies

can be reached instead by changing the solvent.

Our cDICE protocol robustly yields GUVs with an average diameter of 12 µm and

coe�icient of variation of 47%. This size distribution was robust to changes in rotation

speed and capillary diameters from 25–100 µm. This consistency over di�erences in

these two central parameters implies that the workflow we have adopted lies in the

je�ing regime.
140

A jet at the capillary orifice is broken up into a polydisperse droplet

population due to the Rayleigh instability in combination with the centrifugal force

applied in cDICE.
140

A high degree of polydispersity can be advantageous for bulk assays

to screen multiple conditions in one single experiment,
141,142

but undesirable for other

applications. As Abkarian et al.93
showed, decreasing the capillary diameter to values

around 10 µm or using an additional inner fluid layer to decrease shear forces are viable

strategies to achieve more precise size control. However, using these small orifice sizes

poses other problems, including fast clogging of small diameter capillaries, rendering

the method much less reliable. Here, we demonstrate that to reproducibly encapsulate

viscous solutions containing a high concentration of polymerizing protein, as when

encapsulating concentrated actin solutions, it is advantageous to use a larger capillary.

Taken together, we have shown that humidity control is essential for reliable production

of clean GUVs with cDICE. Furthermore, we found that the encapsulation of di�erent

biological systems can be modulated by tuning the lipid-in-oil dispersion and the mem-

brane composition. As a result, the optimized workflow laid out in this research enables

the generation of bespoke GUVs at good yields and with high encapsulation e�iciency.

We showed that encapsulation was compatible with molecular membrane anchors such

as the cholesterol-oligonucleotide anchors used with DNA origami and a minimal actin

cortex, while maintaining functionality even for complex systems like the PURE system.
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This renders a method that is robust and achieves reproducible results across many

months and multiple laboratories. By conducting several proof-of-concept experiments,

we were able to demonstrate the versatility of the cDICE method: from reconstitution of

an actin cortex, to encapsulation of a cell-free expression system, membrane-anchored

DNA nanostructures, and entire E. coli bacteria, these experiments open up a portal

to generating GUVs with contents of ever-greater complexity. In the future, additional

modifications by changing experimental parameters such as capillary size, rotation

speed, chamber design, etc. can be made to further extend the possibilities of cDICE and

perform experiment-specific optimization. This way, cDICE displays promising potential

to become a standard method for the synthetic biology, biochemistry, and biophysics

communities in the future.

3.4 Methods
3.4.1 Design and fabrication of the spinning device/rotational chambers

The cDICE device was designed and developed in-house at AMOLF. A 15-W Maxon EC32

motor (5 wire version, part number 353399) served as the rotating component of the

apparatus, providing a wide range of rotation speeds (from 200 rpm up to 6000 rpm) and

allowing precise speed ramps for controlled speeding up and slowing down of rotation.

This is especially important to avoid mixing of the solutions a�er experiments, which

would lead to lipid debris in the outer aqueous solution, and to avoid disruption of the

formed GUVs. Translucent, cylindrical chambers were designed and printed in-house

(Stratasys Objet260 Connex3; Veroclear printing material). The chambers measure 38

mm in diameter, have an inner height of 7.4 mm, and include a circular opening of 15

mm in diameter in the top to allow facile access to the solutions with the capillary. The

respective designs for rotation chambers and cDICE device are available on GitHub

(h�ps://github.com/GanzingerLab). The other laboratories at TU Del� used similar

devices.

3.4.2 General cDICE experimental workflow

Synthetic fused silica capillary tubing (TSP 100/050/025 375, Molex) was employed

due to its highly smooth inner surface, allowing a controlled flow of inner aqueous

solutions. It was cut to a length of several centimeters using the supplied cu�ing stone

and a�ached to a short piece of flexible microbore tubing (Microbore Tubing, 0.020" x

0.060" OD, Cole-Parmer GmbH) using two-component epoxy glue (Bison) or instant

glue (Pa�ex). Using a hollow piece of metal, the capillary tubing was then bent so

it could be inserted horizontally into the rotational chamber. To inject the solutions,

this setup was connected to a 250 µL glass syringe (SGE Gas Tight Syringe, luer lock,

Sigma-Aldrich) using a shortened needle as connector (Hamilton Needle, Metal hub,

needle size 22 ga. blunt tip, Sigma-Aldrich). PEEK capillary tubing (PEEK tubing, 1/32"

OD x 0.10 mm ID, BGB Analytik) was used in experiments when explicitly specified.

The encapsulation solutions contained 18.5% v/v OptiPrep™ (density gradient medium

with a density of 1.320 g mL
−1

) to increase the density. Unless specified otherwise, the

outer aqueous phase was a solution of glucose in Milli-Q water (concentration adjusted

to reach a 10–20 mOsm higher osmolarity compared to the inner aqueous solution).

https://github.com/GanzingerLab
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In a typical experiment, the encapsulation solution was loaded into the syringe setup,

rotation was started, 700 µL of outer aqueous solutions was inserted into the rotating

chamber, followed by 5.5 mL of the lipid-in-oil dispersion. The capillary was then inserted

horizontally in the oil layer, until it was visibly embedded. The solution was injected

using a syringe pump (KDS 100 CE, KD Scientific) at a rate of 25 µL min
−1

, unless

specified otherwise. The system was spun for a predetermined time depending on the

encapsulation volume. Rotation speed ranged from 1000 to 2700 rpm and the capillary

diameter from 25 µm to 100 µm depending on the experiment type, with 1900 rpm and

100 µm being considered the default values. A�er every experiment, the chamber was

tilted and excess oil was removed. The GUVs were then allowed to sink to the bo�om

of the rotation chamber for 10 min, a�er which they were harvested using a cut pipet

tip and transferred to an observation chamber. Glass coverslips were passivated using 1

mg mL
−1

beta-casein in Milli-Q water. Room humidity was kept around 30-40% using

a dehumidifier (TTK 71 E Dehumidifier, Trotec). The other laboratories used a similar

workflow, based on this main protocol.

3.4.3 Preparation of lipid-in-oil dispersions

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

2000] (18:0 PEG2000 PE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine

rhodamine B sulfonyl (18:1 Liss Rhod PE), 18:1 1,2-dioleoyl-sn-glycero-3-phophocholine

(DOPC), 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)-

succinyl] (nickel salt) (DGS-NTA(Ni)), and 1,2-dioleoyl-sn-glycer-3-phosphoethanol-

amine-N-(lissamine rhodamine B sulfonyl) (rhodamine-PE) were purchased from Avanti

Polar Lipids. ATTO 488 and ATTO 655 labeled 1,2-dioleoyl-sn-glycero-3-phosphoethanol-

amine (DOPE) were obtained from ATTO-TEC. Stock solutions in chloroform were stored

at -20 °C. The lipids were mixed in the desired molar ratio in a 20 mL glass screw neck vial

(Fisherbrand EPA Screw Neck Vial, Fisher Scientific and Fisherbrand 24 mm PP Screw

Seal, Closed Top, 24–400 Thread, Assembled Septum, Fisher Scientific) to obtain a final

concentration of 0.2 mg mL
−1

. A�er desiccation using a gentle nitrogen flow, the vial was

brought inside a glovebox, where the lipid film was resuspended in 415 µL of chloroform

(Uvasol, Sigma-Aldrich) or n-decane (99+%, pure, Acros Organics). A mixture of 5.2 mL

silicon oil (viscosity 5 cst (25 °C), Sigma-Aldrich) and 1.3 mL mineral oil (BioReagent,

Sigma-Aldrich) was then added dropwise to the lipids while vortexing. For the lipid

dispersion in mineral oil, 6.5 mL of mineral oil (BioReagent, Sigma-Aldrich) was used

instead. A�er tightly closing the vial and securing the seal with Parafilm, the lipid-in-oil

dispersion was vortexed an additional 2.5 min and sonicated in a bath sonicator for 15

min while keeping the bath temperature below 40 °C. The mixtures were used the same

day in experiments.

3.4.4 UV-vis absorbance measurements

Turbidity measurements were performed by UV-vis absorbance using a Denovix DS-11

spectrophotometer. Lipid-in-oil dispersions were prepared as described above and used

directly for absorbance measurements. For each measurement, a cuve�e (UV cuve�e

ultramicro, BRAND) was filled with 100 µL of lipid-in-oil dispersion and the absorbance
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at 350 nm was measured thrice. Prior to each measurement, a blank was taken using

the corresponding oil or oil mix.

3.4.5 Pendant drop measurements

Pendant drop measurements were performed using a DSA 30S drop shape analyzer (Kruss,

Germany) and analyzed with the Kruss Advanced so�ware. For each measurement, a

lipid-in-oil dispersion containing 100% DOPC was prepared in an identical manner as

for cDICE experiments. Directly a�er vortexing, the mixture was divided over three

glass 1.0 mm cuve�es (Hellma Analytics). In each cuve�e, a 30 µL droplet containing

G-bu�er (5 mM tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) pH 7.8

and 0.1 mM calcium chloride (CaCl2)) and 18.5% v/v OptiPrep™ was formed with a

rate of 5 µL s
−1

using an automated dosing system from a hanging glass syringe with

needle diameter of 1.060 mm (Hamilton). Immediately when the droplet reached its

final volume, 100 frames of the droplets shape were first acquired at a frame rate of 5

frames per second a�er which another 500 frames were taken with 1 frame per second.

The droplet contour was automatically detected and fi�ed with the Young–Laplace

equation to yield the interfacial tension. For measurements in dehumidified conditions,

a dehumidifier was switched on at least 1 h prior to the measurement. The lipid-in-oil

dispersion was continuously mixed during each measurement using a magnetic stirrer.

In several experiments, interfacial tension decreased very rapidly causing the droplet to

detach before the end of the measurement.

3.4.6 Alpha-hemolysin

DOPC (97.4 mol %), DGS-NTA(Ni) (2.5 mol %), and rhodamine-PE lipids (0.1 mol %) were

used for preparation of the lipid-in-oil dispersion as described earlier. GUVs encapsulating

F-bu�er (20 mM Tris-HCl pH 7.4, 50 mM potassium chloride (KCl), 2 mM magnesium

chloride (MgCl2), 0.5 mM adenosine triphosphate (ATP) and 1 mM dithiothreitol (DTT)),

18.5% v/v OptiPrep™, and 5 µM Alexa Fluor 488 (Thermo Fischer) were produced in

a 200 mM glucose solution. A�er production, 50 µL of GUV solution was collected

from the bo�om of the rotating chamber and deposited on a custom-built observation

chamber. Separately, a bu�ered solution (80 mM Tris pH 7.4 and 240 mM glucose) was

mixed with a 4 mg mL
−1

4 kDa polyisocyanide hydrogel solution
105

in a 1:1 volume

ratio, and 50 µL of the resulting solution was quickly added to the GUVs. The hydrogel

was used to immobilize the GUVs, facilitating extended time-lapse imaging. A�er a few

minutes, 2 µL of 12 µM alpha-hemolysin solution (100 mM Tris-HCl pH 7.5, 1 M sodium

chloride (NaCl), 7.5 mM desthiobiotin (DTB)) was added to the observation chamber.

Fluorescence intensity was analyzed manually using ImageJ and results plo�ed with

MATLAB. Alpha-hemolysin was purified in-house according to Stranges et al.143

3.4.7 G-actin encapsulation

DOPC and ATTO 655 DOPE were mixed in a 99.9:0.1 molar ratio to prepare the lipid-in-

oil dispersion. 100 µL of G-actin (4.4 µM, 9% labeled with Alexa Fluor 488) in G-bu�er

(5 mM Tris-HCl pH 7.8, 0.1 mM CaCl2, 0.02 mM ATP and 4 mM DTT) and 18.5% v/v

OptiPrep™ was encapsulated in every experiment, only varying rotation speed and
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capillary size. For a capillary size of 25 µm, the flow rate was lowered to 2.5 µL min
−1

to

reduce the pressure in the capillary setup. The encapsulated volume was reduced to 50 µL

in these experiments. GUVs were produced in an outer aqueous solution containing

approximately 85 mM glucose in Milli-Q water. G-actin was purchased from Hypermol

and Alexa Fluor 488-labeled G-actin was obtained from Invitrogen. All proteins were

handled according to instructions provided by the manufacturer. GUVs were imaged

in the outer aqueous solution using confocal microscopy, 50 µL of GUV solution was

deposited on a custom-made glass coverslip and covered. Microscopy was performed

using a Nikon A1R-MP confocal microscope, using a Plan APO IR 60x water immersion

objective. The 561 nm (laser power 1.0) and 488 nm (laser power 1.0) laser lines were

used in combination with the appropriate emission filters to image the ATTO 655-labeled

DOPE membrane and Alexa Fluor 488-labeled G-actin, respectively.

3.4.8 Data analysis of GUV images

GUV size and inner intensity (Figure 3.1d, Figure 3.3a,c, and Figure 3.7) were obtained

from Z-stack images that were processed using custom-wri�en Python so�ware. The

so�ware performs feature tracking in each frame in three consecutive steps. First, the

Canny edge detection algorithm
144

is applied, then filling of the detected edges is

achieved by applying the binary hole filling function from the ndimage module of the

SciPy package,
145

and next these features in each frame are located using the measure

module of the scikit-image package
146

for Python. The located features are linked

together in a final step to group points belonging to the same GUV along the frame-axis.

The radius of the GUVs was determined from the frame where the detected feature was

largest and the inner intensity was also obtained from that respective frame and feature.

User-based filtering was applied a�erward to discard multilamellar structures, aggregates

or similar. The so�ware is available on GitHub (h�ps://github.com/GanzingerLab). The

intensity was normalized to the mean of the distribution in Figure 3.3a.

3.4.9 PURE system encapsulation

The codon-optimized construct encoding for meYFPco-LL-spinach (enhanced yellow

fluorescent protein) described in Van Nies et al.147
was used. The sequence is codon-

optimized for expression in the PURE system, and the template includes the T7 promoter

and terminator. A linear DNA template was employed to observe fluorescence readout

of the level of synthesized protein. The linear DNA construct was obtained by poly-

merase chain reaction (forward primer: GCGAAATTAATACGACTCACTATAGGGAGACC,

reverse primer: AAAAAACCCCTCAAGACCCGTTTAGAGG). Amplification products

were checked on a 1% agarose gel and were purified using the Wizard PCR cleanup

kit (Promega). DNA concentration and purity were measured using a ND-1000 UV–vis

Spectrophotometer (Nanodrop Technologies).

The full sequence of the meYFPco-LL-spinach linear construct is as follows:

1 GCGAAATTAA TACGACTCAC TATAGGGAGA CCACAACGGT TTCCCTCTAG
51 AAATAATTTT GTTTAACTTT AAGAAGGAGA TATACATATG CGGGGTTCTC

101 ATCATCATCA TCATCATGGT ATGGCTAGCA TGACTGGTGG ACAGCAAATG

https://github.com/GanzingerLab
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151 GGTCGGGATC TGTACGACGA TGACGATAAG GATCCGATGG TTAGCAAAGG
201 CGAAGAACTG TTTACGGGCG TGGTGCCGAT TCTGGTGGAA CTGGACGGCG
251 ACGTGAACGG TCACAAATTC AGCGTTTCGG GCGAAGGTGA AGGCGATGCG
301 ACCTATGGTA AACTGACGCT GAAATTTATT TGCACCACCG GTAAACTGCC
351 GGTGCCGTGG CCGACCCTGG TTACCACGTT TGGTTATGGC CTGCAGTGTT
401 TCGCGCGCTA CCCGGATCAT ATGAAACAAC ACGACTTTTT CAAATCTGCC
451 ATGCCGGAAG GTTATGTGCA GGAACGTACG ATTTTCTTTA AAGATGACGG
501 CAACTACAAA ACCCGCGCAG AAGTCAAATT TGAAGGTGAT ACGCTGGTGA
551 ACCGTATTGA ACTGAAAGGC ATCGATTTCA AAGAAGACGG TAATATCCTG
601 GGCCATAAAC TGGAATACAA CTACAACTCC CACAACGTTT ACATCATGGC
651 AGATAAACAG AAAAACGGTA TCAAAGTCAA CTTCAAAATC CGCCATAACA
701 TCGAAGATGG CTCAGTGCAA CTGGCTGACC ACTACCAGCA AAACACCCCG
751 ATCGGTGATG GCCCGGTTCT GCTGCCGGAC AATCATTATC TGAGCTACCA
801 GTCTAAACTG AGTAAAGATC CGAACGAAAA ACGTGACCAC ATGGTCCTGC
851 TGGAATTTGT GACGGCGGCT GGTATTACGC TGGGCATGGA TGAACTGTAT
901 AAATGAAAGC TTCCCGGGAA AGTATATATG AGTAAAGATA TCGACGCAAC
951 TGAATGAAAT GGTGAAGGAC GGGTCCAGGT GTGGCTGCTT CGGCAGTGCA

1001 GCTTGTTGAG TAGAGTGTGA GCTCCGTAAC TAGTCGCGTC GATATCCCCG
1051 GGCTAGCATA ACCCCTTGGG GCCTCTAAAC GGGTCTTGAG GGGTTTTTT

DOPC and rhodamine-PE were used in a 99.9:0.1 molar ratio for the lipid-in-oil dispersion,

0.01 mol % of 18:0 PEG2000 PE was used when explicitly mentioned. PUREfrex2.0

(GeneFrontier Corporation, Japan) was used following storage and handling instructions

provided by the supplier. Linear DNA template was added at a concentration of 5 nM.

Reactions of 40 µL were assembled in test tubes and supplemented with 5% v/v OptiPrep™

(higher ratios negatively interfered with the PURE reaction) and kept on ice. GUVs were

produced in an outer aqueous solution composed of 220 mM glucose in Milli-Q water.

The flow rate was kept at 2.5 µL min
−1

for 8 min in total, given the limited availability of

inner aqueous solution. A�er production, 25 µL of GUV solution was transferred to the

observation chamber, together with 25 µL of additional outer aqueous solution composed

of 35 mM glucose and 50% v/v PURE bu�er. YFP expression was monitored at 37 °C by

confocal imaging using a Nikon A1R Laser scanning confocal microscope equipped with

an SR Apo TIRF 100x oil-immersion objective. The 561 nm (laser power 5.0) and 488 nm

(laser power 20.0) laser lines were used in combination with the appropriate emission

filters to image the rhodamine-PE membrane and YFP, respectively. The so�ware NIS

(Nikon) was used for image acquisition and the se�ings were identical for all experiments.

Samples were mounted on a temperature-controlled stage maintained at 37 °C during

imaging up to 5 h.

Image analysis was carried out in MATLAB version R2020b using the script published by

Blanken et al.148
Briefly, the script reads the split-channel ti� files, identifies the GUVs,

indexes them, and then stores the indexed variables in the data file. The script uses a

sharpening filter on the rhodamine-PE image, the GUV lumen is determined by a flood

filling step followed by a binarization phase with a cuto� of 200. An erosion step was

conducted to filter segments relative to lipid aggregates and other sources of noise. Any
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segments with a circularity of less than 0.5 or greater than 2 have been excluded. For

each GUV, average rhodamine-PE intensity, average YFP intensity and YFP intensity

variance were determined. The box plots of the YFP intensity in the lumen were also

generated in MATLAB version R2020b.

3.4.10 Actin cortex

GUVs were prepared using a mixture of DOPC and DGS-NTA(Ni) lipids in a 50:1 molar

ratio. G-actin (4.4 µM, 9% labeled with Alexa Fluor 647), profilin (3.3 µM), Arp2/3 (100

nM), and VCA (0.6 µM) were added to a solution containing F-bu�er (20 mM Tris-HCl

pH 7.4, 50 mM KCl, 2 mM MgCl2, 0.5 mM ATP and 1 mM DTT) and 18.5% v/v OptiPrep™.

To minimize photobleaching, an oxygen-scavenger system
149

(1 mM protocatechuic

acid (PCA) and 50 nM protocatechuate-3,4-dioxygenase (PCD)) was also added to the

solution. GUVs were produced in an outer aqueous solution containing 200 mM glucose

in Milli-Q water. A�er production, 25 µL of GUV solution was collected from the bo�om

of the rotating chamber and deposited on a custom-built observation chamber, to which

an additional 25 µL of a bu�ered solution (40 mM Tris pH 7.4 and 125 mM glucose) was

added. Unless specified otherwise, all chemicals were purchased from Sigma-Aldrich. All

proteins, except VCA, which was purified in-house,
150

were purchased from Hypermol

and dissolved according to instructions provided by the manufacturer. G-actin was

dialyzed in G-bu�er (5 mM Tris-HCl pH 7.8 and 0.1 mM CaCl2) before storage at -80 °C.

3.4.11 DNA origami nanostructures encapsulation

The DNA origami design was adapted from Jeon et al.128
by removing the 3’ sequence

("sticky ends") mediating multimerization, thus keeping them monomeric. An additional

12 nt sequence was added at the 5’ end to allow binding to the membrane via a cholesterol-

oligonucleotide anchor. Nanostructures were folded by thermal annealing (from 95 to 23

°C, -0.5 °C min
−1

) and used at 1 µM in bu�ered solution (50 mM Tris pH 7.0, 2 mM MgCl2,
and 200 mM sucrose). Right before encapsulation, 2 µM of cholesterol-oligonucleotides

were added to this bu�er. As an outer aqueous phase, 50 mM Tris pH 7.0, 2 mM MgCl2
and 200 mM glucose was used. Experiments were performed using PEEK capillary tubing.

3.4.12 SUV encapsulation

SUVs were prepared using DOPC and ATTO 488 DOPE in a 99:1 molar ratio. Under

gentle nitrogen flow, chloroform was evaporated to obtain a homogeneous lipid film.

The lipid film was then desiccated for a minimum of 3 h to remove any remaining solvent

traces, a�er which it was rehydrated in phosphate-bu�ered saline bu�er (PBS bu�er)

at 4 mg mL
−1

by vortexing. A�erward the solution was sonicated in aliquots of 20 µL

for 2 x 30 min. It was then diluted to 0.5 mg mL
−1

for further use. DOPC and ATTO 655

DOPE were used in a 99.9:1 molar ratio for the lipid-in-oil dispersion. For encapsulation,

the SUVs were diluted 10x in PBS bu�er and 18.5% v/v OptiPrep™ was added. The outer

aqueous phase consisted of 313 mM glucose in Milli-Q water.
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3.4.13 Bacteria encapsulation

DOPC, 18:1 Liss Rhod PE, and 18:0 PEG2000 PE were used in a 98.9:0.1:1 molar ratio

for the lipid-in-oil dispersion. A saturated lysogeny broth (LB) culture of Escherichia
coli expressing green fluorescent protein (GFP-HU) was centrifuged and the pellet

resuspended in a bu�ered solution (50 mM Tris pH 7.5, 5 mM NaCl and 200 mM sucrose)

and used for encapsulation. As an outer aqueous phase, 50 mM Tris pH 7.5, 5 mM NaCl

and 200 mM glucose was used. Experiments were performed using PEEK capillary tubing.
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3.6 Appendix

Figure 3.5 | UV-VIS absorbance of di�erent lipid-in-oil mixtures as an indicator of the lipid
aggregate size. Absorbance at 350 nm of lipid-in-oil dispersions measured right a�er preparation.

The di�erent lipid-in-oil mixtures consist of: dispersed lipid aggregates using chloroform or decane

in silicone oil:mineral oil 80:20, a lipid-chloroform solution in mineral oil only, and a chloroform-

based lipid-in-oil dispersion with 0.01 mol% of PEGylated lipids. Red bars indicate dispersions

that were prepared in the glovebox. The green bar shows the turbidity of the chloroform-based

dispersion prepared outside of the glovebox. Data represents three measurements on at least two

individual preparations with standard deviation.

Figure 3.6 | Influence of environmental conditions on lipid adsorption kinetics. Interfacial

tension decrease measured for a pendant droplet of G-bu�er in di�erent lipid-in-oil mixtures. Solid

lines show averaged data with standard deviation for a chloroform-based lipid-in-oil dispersion

prepared inside a glovebox with dehumidifier in the experiment room (red, n = 13), outside a

glovebox with dehumidifier in the experiment room (green, n = 9), and inside a glovebox without

dehumidifier in the experiment room (blue, n = 11). The dashed lines indicate individual events

where the droplet fell o�, which gave rise to apparent jumps in the averaged curves.
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Figure 3.7 | Size distributions for di�erent capillary sizes and rotation speeds. Size distribu-

tion of GUVs made of DOPC lipids, using capillary sizes 25 µm, 50 µm, and 100 µm, and rotation

speeds 1000 rpm, 1900 rpm, and 2700 rpm. The individual graphs represent pooled data for three

experiments. The distributions are fi�ed to a log-normal function (red curves).
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Figure 3.8 | Representative fields of view of GUVs encapsulating G-actin using (a) a

chloroform-based lipid-in-oil dispersion and (b) a decane-based lipid-in-oil dispersion. Scale bars

indicate 10 µm. Images were acquired with identical imaging se�ings.
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Figure 3.9 | Time traces of UV-VIS absorbance of di�erent lipid-in-oil mixtures. Absorbance

at 350 nm of the lipid-in-oil dispersion was measured over ten minutes a�er opening of the vial. Mea-

sured samples include dispersed lipid aggregates using chloroform or decane in silicone oil:mineral

oil 80:20 and a lipid-chloroform solution in mineral oil only. All samples were prepared in the

glovebox.
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Figure 3.10 | Representative fields of view of GUVs encapsulating the PURE system. (a)

Encapsulation of PUREfrex2.0 and DNA encoding for YFP using a chloroform-based lipid-in-oil

dispersion. (b) Encapsulation of PUREfrex2.0 and DNA encoding for YFP using a decane-based lipid-

in-oil dispersion. (c) Encapsulation of PUREfrex2.0 and DNA encoding for YFP using a chloroform-

based lipid-in-oil dispersion and 0.01 mol% PEGylated lipids. All pictures have the same size (scale

bars indicate 50 µm) and were acquired with identical imaging se�ings.
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Figure 3.11 | Representative fields of view of proof-of-concept experiments. (a) Recon-

stitution of a minimal actin cortex inside a GUV, nucleated at the vesicular membrane by the

Arp2/3 complex, the C-terminal VCA domain of WASp, and profilin. Scale bar indicates 5 µm (b)

Encapsulation of DNA origami nanostructures, freely di�using inside the GUV lumen and capable

of membrane localization upon addition of 2 µM of cholesterol-oligonucleotides. Scale bar indicates

15 µm. (c) Encapsulation of SUVs inside GUVs to form a multicompartmentalized system. Scale bars

indicate 20 µm (d) Encapsulation of GFP-HU expressing E. coli bacteria. A large number of bacteria

could be observed inside the GUV lumen, clearly viable as evident from their motility. Scale bar

indicates 20 µm.
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Figure 3.12 | Schematic of a single DNA nanostructure. The DNA nanostructure consists of

four single-stranded DNA oligonucleotides (grey, black, blue, and brown) that hybridize forming

a cross-like shape. They all have a complementary hybridization sequence for the cholesterol-

oligonucleotide at their 5’ end.

Figure 3.13 | Time-lapse movie of GFP-HU expressing E. coli bacteria encapsulated in a
GUV. The GFP-HU expressing E. coli bacteria (green) are clearly mobile inside the GUV (red),

indicating their viability. The time per frame is 1 sec, and the movie is displayed in real time.
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High-speed imaging of giant unilamellar

vesicle formation in cDICE

▶ Giant unilamellar vesicles (GUVs) are widely used as in vitro model membranes in bio-

physics and as cell-sized containers in synthetic biology. Despite their ubiquitous use,

there is no one-size-fits-all method for their production. Numerous methods have been

developed to meet the demanding requirements of reproducibility, reliability, and high

yield, while simultaneously achieving robust encapsulation. Emulsion-based methods are

o�en praised for their apparent simplicity and good yields; hence, methods like continu-

ous droplet interface crossing encapsulation (cDICE) that make use of this principle, have

gained popularity. However, the underlying physical principles governing the formation

of GUVs in cDICE and related methods remain poorly understood. To this end, we have

developed a high-speed microscopy setup that allows us to visualize GUV formation

in cDICE in real-time. Our experiments reveal a complex droplet formation process

occurring at the capillary orifice, generating both larger droplets and, likely, GUV-sized

satellite droplets. Based on our observations and scaling arguments from fluid dynamics,

we find that the transfer of these droplets through the oil-water interface exhibits a

size-selectiveness toward GUV-sized droplets. Finally, we demonstrate that proteins in

the inner solution a�ect GUV formation by increasing the viscosity and altering lipid

adsorption kinetics. These results will not only contribute to a be�er understanding of

GUV formation processes in cDICE, but ultimately also aid the development of more

reliable and e�icient methods for GUV production.

Currently under review at ACS Omega: L. Van de Cauter, Y. K. Jawale, D. Tam, L. Baldauf, L. van Buren, G. H.

Koenderink, M. Dogterom, and K. A. Ganzinger, “High-speed imaging of giant unilamellar vesicle formation in

cDICE”, preprint, bioRxiv, 2023.
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4.1 Introduction
The quest to understand and manipulate the building blocks of life, including the count-

less interacting molecules and biochemical reactions making up cellular life, is a major

aim of biophysics and synthetic biology.
66

One key tool in these fields are giant unilamel-

lar vesicles (GUVs) as cell-sized, lipid bilayer-enclosed reaction compartments.
73,74

Since

their first description
77

in 1969, GUVs have proven to be a powerful and versatile tool as

they can be directly observed using real-time microscopy and easily manipulated using

biophysical tools, making them ideal in vitro model membrane systems.
74–76

More re-

cently, GUVs have also been proposed as containers for a future synthetic cell
67,107,151,152

and as reaction containers for chemistry and more complex cargo carriers in drug deliv-

ery
153,154

.

Despite the widespread research use of GUVs, there is still no one-size-fits-all method

for their production.
152

Over the years, numerous methods have been developed to

meet the demanding requirements of reproducibility, reliability, and high yield, while

simultaneously achieving robust encapsulation. Historically, swelling-based methods

(natural swelling
77

, electroformation
78–81

, and gel-assisted swelling
82–85

) have been

used extensively for studying the biophysical properties of membranes. However, these

easy-to-implement, high-yield methods o�er poor control over encapsulation e�iciency

and the stoichiometry of encapsulated molecules. Thus, they only o�er limited com-

patibility with establishing complex reconstituted systems. Emulsion-based techniques

(water-in-oil droplets crossing an oil-water interface using gravity, centrifugation, mi-

crofluidic devices, or microfluidic je�ing
86–92

) on the other hand, o�er more control over

GUV content and for complex encapsulation experiments. Despite the potential cost of

residual membrane impurities
152,155,156

, emulsion-based methods have therefore gained

popularity in recent years.

One method that particularly gained a lot of traction is called continuous droplet inter-

face crossing encapsulate (cDICE).
93–98,157

In cDICE, aqueous droplets that are produced

at a capillary orifice are continuously forced through an oil-water interface by centrifugal

force in a rotating chamber, thereby forming a lipid bilayer and thus GUVs.
93

Recent

optimization has made the method compatible with a wide range of biological systems,

thereby o�ering control over encapsulated content, a high GUV yield, and straightfor-

ward implementation.
157

However, our understanding to which degree the encapsulated

contents’ complexity in cDICE can be extended, with respect to both physical properties

(e.g. viscosity of the encapsulated fluid) and physicochemical properties (e.g. which pro-

teins and protein systems), remains limited. While many successes have been celebrated

using cDICE, we still do not understand the underlying GUV formation process and how

this a�ects the inherent variability in content encapsulation and yield seen in cDICE.
152

To gain a deeper understanding of GUV formation in cDICE, we have developed a high-

speed microscopy setup that allows us to visualize the GUV formation process inside the

rotating chamber in real-time. We focused on the capillary orifice, where initial droplet

formation occurs, and on the oil-water interface, where droplets are converted into GUVs.

Our experiments reveal a complex droplet formation process occurring at the capillary
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orifice, governing both the formation of larger droplets and, likely, satellite droplets of the

size of typical cDICE GUVs (12 µm - average diameter of GUVs formed with cDICE
157

).

The transfer of these droplets through the oil-water interface appears to exhibit selectivity

toward GUV-sized droplets. We support these experimental observations with scaling

arguments from fluid dynamics. Finally, we demonstrate that the addition of protein

to the inner solution increases the viscosity and alters the kinetics of lipid adsorption,

thereby significantly influencing the process of GUV formation.

4.2 Results and discussion
4.2.1 Design of an imaging setup to visualize droplet and GUV formation in cDICE

In the cDICE method, the initial step of GUV formation is the generation of droplets

at a capillary orifice, which is inserted perpendicularly into the oil layer in the rotating

chamber. In its original implementation, cDICE uses a capillary diameter of 2-25 µm to

allow for tight control over GUV sizes.
93

However, we and others found such narrow

capillaries to be very impractical when encapsulating protein solutions, as these capillar-

ies are prone to rapid clogging, leading to highly irreproducible results. In our previous

work, we showed that this issue can be circumvented by using wider capillaries with

a diameter of 100 µm.
157

The flow regime is therefore significantly di�erent from the

original protocol
93

, and one would not necessarily expect tight control over droplet sizes.

Still, we found that these capillaries produced a surprisingly narrow size distribution of

GUV sizes, roughly ten times smaller than the capillary orifice (∼ 10 µm vs 100 µm).
157

To be�er understand how a large capillary orifice can still lead to such relatively monodis-

persed GUV size distribution in cDICE, we developed a high-speed microscopy setup

to, for the first time, visualize the processes of droplet and GUV formation in cDICE in

real-time (Figure 4.1). We designed the setup so that the camera is suspended vertically

above the cDICE apparatus, capturing the light of a light source located directly beneath

the rotating chamber (see method section for a full description of the setup; Figure 4.1a).

This way, we are able to capture the process along the horizontal axis of the rotational

chamber: from the capillary orifice, where initial droplet formation occurs (Figure 4.1b i),

to the oil-water interface, where droplets are converted into GUVs (Figure 4.1b ii). Due to

the high rotation speeds that are used in cDICE (∼ 1900 rpm), all processes happen on a

very fast timescale, on the order of microseconds (10
−6

- 10
−5

s). To obtain a su�iciently

high time resolution, we therefore used fast cameras in combination with brief exposure

times up to 1 µs, reaching frame rates up to 30,000 fps.

4.2.2 Droplet formation at the capillary orifice is governed by shear forces

When we focused our imaging setup on the capillary orifice at our default conditions

for GUV production (100 µm diameter capillary, a rotation speed of 1900 rpm, and

a flow rate of 25 µL min
−1

; see method section for further details), it immediately

became clear that droplet formation under these conditions is a non-uniform, highly

dynamic process with an irregular breakup pa�ern of a liquid filament into individual

droplets (Figure 4.2a, Figure 4.6). Instead of the distinct droplet formation expected for

low Reynolds numbers
93,158

, we observed fluid exiting the capillary forming a liquid
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filament, which o�en adhered to the capillary. Droplet breakup took place at the end

of the liquid filament at a fast rate, with droplet sizes clearly larger than the average

cDICE GUV ((68.6 ± 2.8) µm, approximately 2,500 droplets per second).

Figure 4.1 | Development of a high-speed imaging setup to visualize GUV formation in
cDICE. (a) The imaging setup consists of a high-speed camera suspended above the rotating

chamber and an intense light source located directly below the rotating chamber. For a full 360°

view of the setup, see method section. (b) In cDICE, (i) aqueous droplets are generated at the

capillary orifice; subsequently travel outward through the lipid-in-oil dispersion; and finally (ii)

traverse the oil-water interface, where droplets are converted into GUVs.

Upon silanization of the capillary, we no longer observed the fluid adhering to the

capillary, resulting in a more regular droplet breakup mechanism (Figure 4.7). This

can likely be explained by an increased surface hydrophobicity upon silanization when

compared to the default polyimide capillary coating surrounding the capillary and the

uncoated cut tip cross-section with chipped coating edges, which results in less we�ing

of the capillary surfaces.

We observed a significant variability in the droplet breakup dynamics at the end of

the liquid filament. Factors contributing to this variability include irregularities in

the capillary orifices resulting from suboptimal cu�ing or capillary deterioration over

sustained use, di�erences in capillary insertion angle, and the occasionally-observed

presence of an air pocket at the base of the capillary (Figure 4.2c, Figure 4.8). Note

that in all these cases, the experimental condition was indistinguishable by eye and the

di�erences only became apparent when visualizing droplet formation with our dedicated

imaging setup.

To be�er understand the observed droplet breakup mechanisms, we then turned to scaling

arguments to rationalize our findings (Figure 4.2b). Our video recordings (Figure 4.6)

suggest that droplet breakup at the tip of the capillary is not due to inertial je�ing, but

instead induced by viscous shear stresses. For droplets forming from a capillary of outer
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diameter D, intertial je�ing is expected for flow rates larger than a ciritcal flow rate

scaling with ∼ �(D3
/2�i)1/2, where �i denotes the density of the inner solution and 

is the interfacial tension between the dispersed and the continuous phase.

158
In our

experiments, the flow rate through the capillary is 25 µL min
−1

, which is significantly

lower than the critical flow rate. This is consistent with our observation that droplets are

indeed sheared o� the capillary. Here, we must therefore consider the balance between

surface tension and viscous forces characterized by the criticial capillary number Ca,

given by Ca = �U /
 . The flow velocity U at the point of insertion of the capillary is

U = ΩRi , where Ri is the distance between the capillary orifice and the center of rotation

of the chamber and Ω is the rotation speed. With Ri ∼ 1 cm, Ω ∼ 1000 − 2700 rpm,

� ∼ 4 − 5 10−3 kgm−1s−1 and assuming an interfacial tension between the inner solution

and the oil phase of 
 ∼ 10−3 − 10−2mNm−1 157
, tha capillary number ranges between

0.5 and 10. Monodispersed droplets form at the tip of the capillary through a dripping

mechanism for low values of the capillary number.
158

Within the higher range of Ca
reached in our experiments, droplets are therefore expected to deform and the breakup

mechanism to be unstable, in agreement with our observations.

cDICE experiments require high angular velocities ! (> 1000 rpm), producing flow

instabilities in the wake of the static capillary inserted into the rotation chamber. Indeed,

the Reynolds number, characteristic of the flow around the capillary, ReD = �UD/� ,

yields values in the range of ReD ∼ 200−300, with � ∼ 0.934 gmL−1 being the density of the

lipid-in-oil dispersion. For ReD ≥ 47, periodic vortex shedding in the wake of a cylinder is

expected
159

, and for ReD ≥ 150, further three-dimensional instabilities are predicted
159

,

suggesting that the wake around the capillary will also a�ect droplet breakup. Indeed,

we observe oscillations in droplet breakup, caused by the non-linear e�ects in the wake,

and the inner solution adhering to the outer capillary surface. Additionally, we observed

that the droplets did not immediately travel outwards as expected, but rather initially

exhibited an inward movement in the wake of the capillary and towards the center of

the rotating chamber, before travelling outward. The larger diameter of the capillary

leads to a larger capillary number Ca and to a wake instability, which both contribute

to a less stable droplet breakup and larger variation in droplet size when compared to

previous work
93

.

4.2.3 Droplet size, in contrast to GUV size, is dependent on the rotation speed

To explore factors that influence droplet breakup in cDICE, we next altered the rotation

speed of the rotating chamber. As the rotation speed of the chamber increases, the flow

velocity at the capillary orifice also increases and the viscous forces become stronger.

This leads to the droplets being more likely to break up, resulting in smaller droplets. In

line with this expectation, an increase in rotation speed to 2700 rpm resulted in smaller

droplets formed at a higher frequency ((28.5 ± 8.7) µm and ∼ 34,500 droplets per second;

Figure 4.3, Figure 4.9). Decreasing the rotation speed to 1000 rpm, the lowest speed at

which oil and water layers maintain a vertical interface and GUVs can be produced, had

the opposite e�ect, i.e. larger droplets formed at a lower frequency ((273 ± 41) µm and ∼
40 droplets per second; Figure 4.3, Figure 4.10). We can estimate the droplet size from a
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force balance between the surface tension force ∼ �D
 and the viscous force ∼ 6��aU ,

where D is the outer diameter of the capillary and a is the radius of the droplet.
158

The

droplet size above which breakup is expected, scales with the inverse of the capillary

number a/D ∼ (6Ca)−1 and we predict a droplet diameter of ∼ 100 µm at 1900 rpm

increasing to ∼ 200 µm when the rotation speed is decreased to 1000 rpm, in agreement

with out experimental results. Droplet formation is thus shear-induced in a broad range

of rotation speeds, encompassing both lower and higher speeds than the default of 1900

rpm. Our observation that droplet size is dependent on chamber rotation speed contrasts

with the size distributions for GUVs obtained using these conditions: these distributions

are all indistinguishable from one another and centered around 12 µm
157

, thus 3-30-fold

smaller in diameter than the produced droplets. Hence, at least some of the droplets

formed at the capillary orifice are not directly converted into GUVs.

Figure 4.2 | Droplet formation at the capillary orifice is governed by shear forces. (a)

Microscopic image sequence capturing a droplet of PBS bu�er with 18.5 % v/v OptiPrep™ being

sheared o� from the liquid filament at the capillary orifice at a rotation speed of 1900 rpm. Scale

bar indicates 100 µm. (b) Illustration depicting the di�erent forces acting at the capillary orifice:

the capillary number (Ca ∼ 0.5 − 10) indicates a shear-induced breakup mechanism, while the

Reynolds number (ReD ∼ 200 − 300) describes the wake formation behind the capillary. The shear

velocity (U ≈ 1 ms−1) is larger than the flow velocity in the radial direction (Ur ≈ 3 cms−1), further

indicating droplet formation is shear-induced. (c) Representative field-of-views highlighting the

high inter-experiment variability. Noticeable di�erences can be seen, e.g. in liquid filament, capillary

orifice, and insertion angle. The capillary opening is 100 µm in all cases.

While a rotation speed ! of 1900 rpm resulted in the narrowest droplet size distribution

of all explored rotation speeds, interestingly, a rotation speed of 1000 rpm resulted in

two distinct populations (Figure 4.3): one primary population of droplets with a mean

diameter � of (273 ± 41) µm and a secondary population consisting of smaller droplets
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with a mean diameter � of (15.9 ± 7.3) µm. Occasionally, this periodic droplet formation

of large and small droplets was disrupted when e.g. a droplet merged with the liquid

filament or collided with the capillary. Inspecting the video recordings more closely, we

found that the observed population of small droplets are satellite droplets, produced

when a bigger droplet breaks o� from the main liquid thread at the tip of the capillary

(Figure 4.10). Such satellite droplets have previously been observed in many breakup

configurations, from T-junctions to the breakup of droplets in pure shear.
160

While we

did not observe any satellite formation for rotation speeds > 1000 rpm, this may be due to

our limited optical and temporal resolution: the satellite droplets observed for 1000 rpm

(diameter ∼ 15 µm) were at the limits of our image resolution, droplets of any smaller

diameter were too small to be identified and measured with su�icient certainty (see

method section for further details). It is therefore possible that satellite droplets of all

sizes, within the size range of the final GUVs (1-20 µm), are also formed, but not detected

by our imaging setup.

Figure 4.3 | Size distributions of droplets for di�erent rotation speeds. Boxplots of droplet

diameter � at rotation speeds ! of 1000 rpm, 1900 rpm, and 2700 rpm (n = 148, 152, and 157,

respectively, for N = 1). Individual data points indicate single droplets and boxplots indicate

medians and quartiles, while outliers are marked with individual diamond shapes. A rotation speed

of 1000 rpm resulted in two distinct droplet populations: large droplets of mean diameter � (273 ±

41) µm (red) and satellite droplets of mean diameter � (15.9 ± 7.3) µm (blue). A rotation speed of

1900 rpm resulted in the narrowest distribution, with a mean droplet diameter � of (68.6 ± 2.8) µm

(green). 2700 rpm resulted in the smallest droplet sizes, with a mean diameter � of (28.5 ± 8.7) µm

(purple). Inset: representative field-of-views for the di�erent rotation speeds indicating the formed

droplets with arrows. Scale bars indicate 100 µm.

In addition to the small satellite droplets we observed at 1000 rpm, smaller droplets

could theoretically also be formed when larger droplets break up due to shear forces

generated in the flow by the rapid relative motion of the bo�om wall of the rotational

chamber with respect to the capillary. Droplets formed at the tip of the capillary are
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entrained by the flow in the rotation direction at a high velocity of U ≈ ΩRi ≈ 1 ms−1
when compared to the slow radial motion Ur = (�i − �o)a2oΩ2Ri/� ≈ 3 cms−1, determined

by the balance between centrifugal and viscous forces. Here, �i denotes the density

of the inner solution, �o the density of the outer solution and (�i − �o) ∼ 30 kgm−3
.

These droplets therefore interact with the wake le� behind the capillary for several

rotations. In the wake, the characteristic shear rate "̇ scales with "̇ ∼ ΩRi/l, where the

characteristic length scale l for shear around the capillary will range between the outer

diameter of the capillary, ≈ 0.5 mm, and the distance between the capillary and the

bo�om of the rotation chamber, ≈ 5 mm. One can define another capillary number as

Ca"̇ = �"̇a/
 , where a is the radius of the droplet.
161,162

This number characterizes the

relative magnitude of the viscous shear forces due to the shear rate "̇ and the surface

tension forces. Ca"̇ = 1 corresponds to a condition where the smallest droplets cannot

be further broken up by the shear
161,162

and yields a ∼ 
/�"̇. For l ∼ 5 mm, we find that

the interfacial tension of the monolayer at the inner solution/oil interface needs to be

approximately 
 ∼ 10−6 Nm−1
to produce droplets of a ∼ 5 �m, equivalent to the final

GUV size. This value for an interfacial tension at an aqueous/oil interface is extremely low

and not expected, even in presence of surfactants or lipids. For reference, the interfacial

surface tension between two miscible liquids is on the order of 10−6 Nm−1
.
163

Hence,

we conclude that it is unlikely GUV-sized droplets form by shear force-induced droplet

breakup a�er droplet formation at the capillary orifice.

4.2.4 Protein in the inner solution a�ects viscosity and lipid adsorption

Next, we set out to study the e�ect of proteins on droplet formation at the capillary orifice.

It is well known that encapsulation of more complex solute mixtures, such as proteins

and their associated bu�ers, leads to a decreased yield and variable encapsulation

e�iciencies.
157,164

For cDICE specifically, it has been reported that the yield decreased at

high protein concentration
101

, yet it is still unknown why this is the case. We chose to

investigate the e�ects of actin and tubulin, due to the widespread e�orts for cytoskeletal

reconstitution inside GUVs.

Upon addition of either protein, droplet breakup at the capillary orifice also occurred at

the tip of the liquid filament exiting the capillary. However, the oscillations of the liquid

filament in the wake of the capillary were significantly reduced (Figure 4.4a, Figure 4.11).

Remarkably, in the case of tubulin, the liquid filament displayed a tendency to adhere to

the air-oil interface. To explain these observations, we characterized the inner solution.

We looked into both the physical properties, i.e. dynamic viscosity as determined by

bulk shear rheology, and physicochemical properties, specifically lipid adsorption rate

determined from pendant drop tensiometry.

In presence of actin and tubulin, the dynamic viscosity increased with respect to its

accompanying bu�er, G-bu�er and MRB80 bu�er, respectively (Figure 4.4a). For actin

(1 µM in G-bu�er, 6.5 % v/v OptiPrep™), an almost threefold increase from 1.58 cP to 4.61

cP was observed (Figure 4.4a, yellow bar), while for tubulin (33.33 µM in MRB80 bu�er,

1.75 % w/v sucrose), the viscosity increased fourfold from 1.57 cP to 6.49 cP (Figure 4.4a,

red bar). All solutions still exhibited Newtonian fluid behaviour. Important to note is that
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the used concentrations of added proteins remained within the micromolar range and

are widely used in the field. Interestingly, the viscosity of the inner solution containing

protein was similar to the viscosity of the continuous phase, i.e. the surrounding lipid-in-

oil dispersion (Figure 4.4a, middle ‘LOD’ bar). The fragmentation of the liquid filament

into droplets at the end of the capillary is the consequence of complex instabilities

beyond the scope of this study. These mechanisms are significantly a�ected by the

viscosity of the inner solution and the increased viscosity due to the added protein will

dampen the flow dynamics in the liquid filament. This dissipation in the liquid filament

can explain the decrease in the fluctuations observed in the liquid filament exiting the

capillary (Figure 4.4a, Figure 4.11). Moreover, previous studies on capillary breakup have

reported the viscosity to a�ect the fragmentation pa�ern and the size distribution of

satellite droplets significantly. In particular, the viscosity increase in a liquid filament

has been associated with fewer and larger satellite droplets.
165,166

Therefore, proteins

included in the inner solution can have a significant impact on the size distribution

of droplets formed at the capillary orifice. Altogether, these results show a nuanced

interplay between the physical properties of the encapsulation solution, varying with its

composition even at low protein concentrations, and the fluid dynamic processes that

govern droplet breakup.

To investigate how the addition of protein to the inner solution alters the physicochemical

properties of the interface, we used pendant drop tensiometry
99

to study lipid mono-

layer formation in a controlled environment. We analyzed the lipid adsorption kinetics

and interfacial tension dynamics of the water-oil interface for di�erent encapsulation

solutions, mimicking droplet formation at the capillary orifice. It has been shown that

proteins spontaneously adsorb at the oil-water interface and their behaviour cannot

unequivocally be a�ributed to a single protein property, with thermodynamic stability,

structural properties, and concentration all being contributing factors.
167,168

Particularly,

actin has been shown to exhibit surface activity in a charge-dependent manner, influ-

enced by both lipid and bu�er composition, with a more pronounced e�ect observed for

the filamentous form compared to actin monomers.
169–171

Upon adding 4 µM actin to the inner solution, a pronounced decline in interfacial tension

was observed (Figure 4.4b, purple curve), with some droplets detaching before the end

of the experiment (Figure 4.4b, dashed lines). This trend was consistent for tubulin

(Figure 4.4b, green curve). To examine the roles of actin and tubulin as surface-active

agents in the interfacial tension, we then compared the interfacial tension dynamics

against a lipid-free oil dispersion. Both actin and tubulin had only a marginal impact

on interfacial tension when compared to the protein-free condition (Figure 4.4b, black

curve vs purple curve and grey curve vs green curve). Interestingly, while actin and lipids

individually at the interface exhibited slow kinetics, their combined presence displayed

an accelerated decrease (Figure 4.4b, yellow curve), suggesting a synergistic e�ect beyond

mere additivity. We found this e�ect could not be countered via electrostatic or steric

repulsion (i.e. presence of charged or PEGylated lipids, respectively, Figure 4.12). These

results imply that actin could, for example, quickly cover the surface of the droplets

traversing the lipid-in-oil dispersion, potentially impeding lipid monolayer formation
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and/or monolayer zipping. However, the full extent of this synergistic e�ect is yet to be

uncovered. Furthermore, these results underscore the importance of the compositions of

both inner solution and lipid-in-oil dispersion, as both a�ect mono- and bilayer formation.

Figure 4.4 | E�ect of protein on aqueous solution properties. (a) Representative field-of-views

of droplet formation at the capillary orifice for di�erent protein solutions. Horizontal do�ed lines

indicate the liquid filament length just before the drop breaks o�, while vertical do�ed lines along

the capillary indicate the extent of external capillary surface we�ed by the aqueous solution. Images

are background subtracted for be�er contrast. Scale bars indicate 100 µm. Middle: Dynamic

viscosity measured using a parallel plate rheometer for di�erent bu�ers (G-bu�er with 6.5 % v/v

OptiPrep™, MRB80 with 1.75 % w/v sucrose) and protein solutions (actin and tubulin), along with

water (MilliQ), lipid-in-oil dispersion (LOD) and 30 % w/v sucrose solution in MRB80 for reference.

Error bars represent standard deviation. (b) Interfacial tension kinetics measured using pendant-

drop tensiometry for di�erent combinations of aqueous and oil solutions; G-bu�er and actin (top),

and MRB80 and tubulin (bo�om). Solid lines represent the average values and the shaded region

corresponds to standard deviation. The vertical do�ed lines represent the event of falling of a drop

and truncation of data.

4.2.5 GUV formation at the oil-water interface seems size selective

Droplet formation in cDICE occurs on extremely short timescales; for the default con-

ditions (i.e. 1900 rpm, 25 µL min
−1

) we observed droplets of approximately ∼ 70 µm in

diameter being sheared o� at a frequency of ∼ 2,500 Hz. Theoretically, given a total

encapsulation volume of 100 µL, > 500,000 droplets are formed during a single exper-

iment. Interestingly, this number does not correspond to the final number of GUVs

produced using cDICE, as reported in other publications (∼ 1000 GUVs
157

). Furthermore,

the formed droplets larger than the finally observed GUVs (i.e. non-satellite droplets,

70 µm for the default conditions) do not subsequently shear to form smaller droplets, as

discussed above. These two observations together indicate a sub-optimal GUV formation

process downstream, whereby most droplets do not convert into GUVs at the oil-water

interface and potentially additional hidden mechanisms generating smaller droplets.
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To look more closely at droplet-to-GUV conversion in cDICE, we imaged the oil-water

interface where the final step of GUV formation in cDICE occurs: droplets transfer

through the oil-water interface where two monolayers fuse together to form a bilayer

(Figure 4.5a). As postulated by Abkarian et al.93
, the two monolayers can also form a

pore, thereby causing the droplet to burst, resulting in no GUV being formed. We note

that when we collected GUVs in cDICE experiments, we observed that the outer solution

a�er GUV generation also contained components of the inner solution, in agreement

with the suggestion that a fraction of droplets bursts at the oil-water interface.

In our experiments, we unfortunately did not observe a clear transfer of droplets through

the interface nor bursting of droplets, possibly because resolving GUV-sized droplets at

the interface was not feasible with the limited imaging contrast of standard brightfield

illumination. Instead, we made two other, striking observations. First, we observed

droplets several orders of magnitude larger than the typical size of GUVs which were

stationary on the oil-water interface (Figure 4.5b, Figure 4.13). These stationary droplets

showed a decreased contrast on the side of the outer aqueous phase, suggesting partial

transfer across the interface. Since the transfer time of a droplet to the oil-water interface

is inversely proportional to the radius of the droplets squared
93

, it is possible that

the flight time of these larger droplets is too short for lipids to fully adsorb on the

interface. Consequently, no zipping mechanism is possible, leading to these larger

droplets crowding the interface, as we observed in our video recordings.

A second observation was the formation of comet tails (Figure 4.5c): droplets that did

pass the interface dragged a tail of the oil solution into the outer aqueous solution,

likely because the oil did not drain quickly enough and thus prevented monolayer fusion.

Due to the di�erence in contrast with the outer aqueous phase, we infer that oil is still

present between the part of the interface dragged into the outer phase and the droplet.

The Bond number Bo = Δ�ar2

 , where a is the acceleration and r the radius of droplet,

represents the ratio of centrifugal force to surface tension force. For these large droplets,

Bo is on the order of 1, meaning they will deform the interface, as observed in our video

recordings, and drag the oil phase into the outer aqueous phase. This results in the

observed comet tail formation and no GUV formation from the droplets undergoing this

process.

As we find that the addition of protein to our inner solution significantly alters the

characteristics of the solution and a�ects droplet formation at the capillary orifice, we

asked how the increased viscosity and altered lipid adsorption kinetics might impact

the transfer of droplets through the oil-water interface. The accelerated lipid adsorption

due to the addition of protein does not lead to a decreased flight time of the droplets,

thereby not adversely a�ecting droplet transfer or monolayer zipping. On the other

hand, the increased viscosity of the inner solution could influence the timescale of the

drainage of the lubrication film, i.e. the lipid-in-oil dispersion in between the droplet

and the oil-water interface, required for successful monolayer zipping. Furthermore, the

increased viscosity could reduce the flow caused by Marangoni stresses, which play a

role in facilitating the zipping process.
93
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An approximate breakthrough condition for spherical objects of radius a to pass through

an interface of interfacial tension 
 is (�i − �o)Ω2Roa2 ≥ 3/2, where Ro is the distance

between the axis of rotation and the location of the oil-outer solution interface.
172

For

small droplets of radius a ∼ 5 �m to cross the interface, a low surface tension on the

order of 
 ∼ 10−6 Nm−1
is required. Such low surface tension has been reported for

lipid bilayers
173

and therefore if such small droplets are present in the oil phase, they

can cross the interface to form GUVs. It should be emphasized that the breakthrough

condition sets a criterion for the smallest droplet that can cross the interface. Any

droplet larger than 10 µm in diameter would be expected to cross the interface as well

and form larger GUVs. The fact that we do not observe GUVs of larger diameters than

∼ 20 µm
157

, but do observe large droplets at the oil-water interface, suggests that the

upper size limit for GUV formation might be controlled by membrane zipping and/or

lipid coverage of the droplet/interface. Insu�icient lipid coverage could, for example,

lead to droplet/GUV shrinkage during GUV forming until the lipid density to form a

bilayer is reached, thereby resulting in smaller GUVs than originally produced droplets.

Figure 4.5 | Droplet transfer through the oil-water interface is suboptimal. (a) The lipid-in-oil

dispersion in between the approaching lipid monolayer-covered droplets and the oil-water interface

needs to be drained for the two monolayers to zip together and successful GUV formation to occur.

(b) When droplets are not fully covered by a lipid monolayer when reaching the oil-water interface,

successful transfer cannot occur and instead, stationary, semi-transferred droplets are observed.

Scale bar indicates 100 µm. (c) When drainage of the oil layer between the approaching droplet and

oil-water interface is insu�icient, the formation of comet tails can be observed: a droplet distorts the

oil-water interface and drags the lipid-in-oil dispersion into the outer aqueous solution, hindering

successful GUV formation. The scale bar indicates 100 µm.

Comparing cDICE GUV size distributions to those obtained by eDICE, a recent adaptation

of cDICE where the droplets are generated by vortexing, pipe�ing, or scraping instead

of a capillary, but transferred through an oil-water interface in a rotational chamber,
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identical to cDICE.
174

Interestingly, we noticed that the final GUV size distribution were

similar for the two methods
174

, despite vastly di�erent droplet size distributions were

used as a starting point (Figure 4.14). Furthermore, we found GUV sizes to be remarkably

similar for di�erent membrane compositions in eDICE (Figure 4.15). Taken together,

these cDICE and eDICE results indicate a yet unknown mechanism for size-selectiveness

at the oil-water interface that promotes the production of similarly-sized GUVs for a

wide distribution of droplet sizes. For example, it is possible that GUVs form at the

oil-water interface in cDICE and eDICE by pinching o� from larger droplets si�ing at the

interface. While we did not observe any event like this, we would expect this process to

happen on a length scale (and possibly time scale) beyond the resolution of our imaging

setup.

4.3 Conclusion
In summary, by designing and building a custom imaging setup to visualize droplet

formation and droplet interface transfer in cDICE in real-time, we were able to, for the first

time, collect direct in situ imaging data to further understand the underlying mechanisms

governing GUV formation in this technique. We found that droplet formation at the

capillary orifice produced droplets that are much larger than the size of the final GUVs.

For a capillary diameter of 100 µm, the formation of droplets in cDICE bears some

similarities with the formation of droplets at T-junctions in microfluidics, a well-studied

phenomenon.
175,176

In such microfluidic channels, the geometric confinement provided

by the channels leads to flow restrictions on the continuous phase at the origin of a

squeezing pressure. This pressure promotes droplet break up at much smaller values

of Ca as compared to our experiments. However, there are similarities in the droplet

formation regimes. For example, a decrease in droplet volume for increasing values of

Ca has been widely reported.
175,176

These studies have also reported a transition from a

breakup droplet formation mechanism for low values of Ca to a dripping mechanism at

higher Ca, whereby a long thread of the dispersed phase forms and droplets pinch o�

at the end of the thread. This is in contrast to the use of smaller capillary openings in

the original cDICE implementation, in the range of 2-25 µm
93

, where the smaller inner

diameter of the capillary leads to smaller droplet sizes by a combination of smaller total

interfacial force resisting the breakup of the droplet and a smaller Reynolds number.

Only as a side process, smaller satellite droplets are being formed. Even smaller droplets,

including GUV-sized droplets, could not be resolved due to the limited resolution of

our setup. Furthermore, we showed that the addition of protein to the inner solution

increases its viscosity and changes interfacial tension dynamics, both directly impacting

droplet formation and interface transfer. Imaging of the oil-water interface revealed

that droplet transfer is frequently stalled, sub-optimal for large droplets, and exhibits a

size-selectivity. This size-selectivity of droplet transfer to GUVs was further confirmed

using eDICE, a variant of cDICE where no capillary is used, which yielded similar size

distribution despite vastly di�erent droplets as input. Further studies are needed to

further elucidate the e�ect of lipid composition, including cholesterol or charged lipids,

and di�erent proteins or protein mixes. We believe the presented results can be of

interest not only for cDICE but to other emulsion-based GUV formation methods as
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well, ultimately contributing to the development of more reliable and e�icient methods

for GUV production. Our study furthermore emphasizes the need for inter-disciplinary

collaboration to fully grasp the intricacies of the processes involved in emulsion-based

GUV production methods. Altogether, this research is just a prologue to a larger narrative

and we hope it will serve as a stepping stone for future research, enhancing emulsion-

based GUV formation along the way.

4.4 Methods
4.4.1 Design and fabrication of the spinning device

The cDICE device was identical to Van de Cauter et al.157
. An additional opening

underneath the spinning chamber was created by removing part of the motor housing.

This way, the light source could be placed directly below the spinning chamber to

achieve transillumination. The design for the adjusted cDICE device is available on

GitHub (h�ps://github.com/GanzingerLab/cDICE_microscope).

4.4.2 Fabrication of spinning chambers

Transparent, cylindrical chambers, 35 mm in diameter and 10 mm in height, were made

from two lids of Petri dishes (Falcon
®

REF 351008). To create a waterproof, closed chamber,

the sides of the two lids were first sanded using sandpaper to create a rough surface

a�er which they were glued together using a thin layer of optical glue (Norland Optical

Adhesive 81). A�er curing of the glue using UV light, the side of the chamber was

wrapped with a strip of Parafilm
®

. The chambers include a circular opening of 15 mm in

diameter in the top to allow facile access to the solutions with the capillary.

4.4.3 General cDICE experimental workflow

While it is possible, and needed, to tweak various operational parameters to encapsulate

a particular (non-)biological system in cDICE, we chose to use the parameters established

in a recent optimization study by Van de Cauter et al.157
as the default conditions for

cDICE. Specifically, we used a 100 µm diameter capillary, a rotation speed of 1900 rpm,

and a flow rate of 25 µL min
−1

. For the lipid-in-oil dispersion, 18:1 1,2-dioleoyl-sn-glycero-

3-phophocholine (DOPC) lipids were dispersed using chloroform in a mixture consisting

of a 4:1 ratio silicon oil:mineral oil. A fused silica capillary tubing with polyimide coating

(TSP-100375, Molex LLC) was used to inject inner aqueous solutions. The general cDICE

experimental workflow and preparation of lipid-in-oil dispersion was based on Van de

Cauter et al.157
. The following parameters di�ered: The volume of the outer solution

was increased to 1.07 mL to account for the di�erence in dimensions between the 3D

printed spinning chambers, as used in Van de Cauter et al.157
, and the Petri dish spinning

chambers that were used for imaging experiments, as mentioned above. Room humidity

was not controlled during imaging experiments and the chambers were spun for the

entirety of the imaging experiments instead of a predetermined time. G-bu�er (5 mM

tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) pH 7.8 and 0.1 mM calcium

chloride (CaCl2), 0.02 mM adenosine triphosphate (ATP) and 4 mM dithiothreitol (DTT))

with 18.5 % v/v OptiPrep™ was encapsulated in every experiment (to achieve a density

https://github.com/GanzingerLab/cDICE_microscope
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di�erence between the inner and outer aqueous solution), unless specified otherwise.

For experiments with a silanized capillary, the fused silica tubing was submerged for one

minute in dichlorodimethylsilance (DMDCS) (40140, Sigma Aldrich), before removing

excess with nitrogen gas.

4.4.4 Home-built imaging setup

The light of a single LED (Luxeon V2, 315lm@700mA; used without lens) or a Lumencor

light engine (SOLA 6-LCR-SB) was collected by a 200 mm focal length achromatic lens

(Thorlabs AC254-200-A-ML; lens mount: Thorlabs CXY1). The setup was equipped with

a 4x or 10x objective (Nikon Plan Fluor 4x/0.13 PhL DL and Nikon Plan Fluor 10x/0.30

∞/0.17 WD 16, respectively) that was mounted on a Z-stage (Thorlabs CT1; adapter:

Thorlabs SM1A10). X/Y motion control was provided by two translational stages with a

step size of 25 mm (Thorlabs PT1). Images were recorded using a high-speed camera

(Kron Technologies Chronos 2.1-HD and Photron FASTCAM SA4) which was mounted

on the setup using a custom-designed 3D printed construction. The full setup was

mounted on a Thorlabs cage system that was mounted on a breadboard (Thorlabs

MB1030/M) to easily move the full setup over the cDICE device. The full component

list and design plans, including a 3D model of the setup, can be found on GitHub

(h�ps://github.com/GanzingerLab/cDICE_microscope).

4.4.5 Droplet size analysis

Droplet size analysis was performed manually using the Fiji so�ware
177

. The image

pixel size was derived from three independent measurements of the capillary opening,

accounting for capillary size uncertainty. Triplicate measurements were performed

for a subset of each dataset to quantify the measurement error. For each droplet, we

then measured both area and diameter, yielding two independent measurements of

the droplet diameter with associated error calculated through error propagation. The

large pixel size ((2.431 ± 0.105) µm) in comparison to the droplet size characterized, in

combination with a measurement error of 2 µm, calculated from measuring a subset

of data in triplicate, posed a limit on our analysis. Additionally, the high speed of the

process, resulting in motion blur and droplets quickly moving out of focus, as well as the

limited contrast, caused by the small di�erence in refractive index between the droplets

and the surrounding medium (1.333 for water vs 1.403 for silicone oil), makes it di�icult to

distinguish the droplets from the background in the video recordings. Data visualization

was achieved through Python-generated plots. The frequency was estimated using the

mean droplet size and the flow rate of the inner solution. Note that for the analysis of

droplet size and frequency, we used video recordings in which the liquid filament did

not adhere to the capillary surface (one experiment per condition).

4.4.6 Viscosity measurements

The dynamic viscosities of the solutions were measured on a Kinexus Malvern Pro

rheometer. A stainless steel plate-plate geometry with 40 and 20 mm radius were

used for bu�er solutions and protein-containing solutions respectively. Viscosity was

https://github.com/GanzingerLab/cDICE_microscope
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measured every 5 seconds as a function of shear rate with a 2 min logarithmic viscometry

ramp from 0.5 s
−1

to 100 s
−1

. As expected for simple viscous liquid, viscosities for higher

shear rate were constant. The values at 100 s
−1

were used to calculate the reported

viscosity of each solution. MRB80 bu�ers consists of 80 mM piperazine-N,N’-bis(2-

ethanesulfonic acid) (PIPES) pH 6.8, 4 mM magnesium chloride (MgCl2), and 1 mM

ethylene glycol-bis(beta-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA).

4.4.7 Tensiometry measurements

The pendant drop measurements were performed using a DSA 30S drop shape analyser

(Kruss, Germany) and analysed with the Kruss Advanced so�ware. Experimental condi-

tions for G-bu�er and actin-containing solutions were as described in Van de Cauter et
al.157

, while changes for MRB80 bu�er and tubulin-containing solutions are described

below. Initially a 2 µL droplet of aqueous solution is drawn in a lipid-in-oil dispersion

containing glass cuve�e (Hellma Analytics) and then volume of the droplet is adjusted

to 8 µL using an automated dosing system from a hanging glass syringe with needle

diameter of 0.313 mm (Hamilton). As soon as the droplet reached its final volume, droplet

was analysed (for 300 seconds at 25 fps for solutions containing tubulin and lipids and at

5 fps for rest of the solutions) by automatic contour detection and fi�ed with the Young-

Laplace equation to yield the interfacial tension. The densities of lipid-in-oil dispersion

(0.8685 g mL
−1

), G-bu�er with 18.5 %v/v OptiPrep™ (1.0574 g mL
−1

), and MRB80 with

1.75 %w/v sucrose (1.0066 g mL
−1

) were used in the interfacial tension calculations. These

densities were measured by weighing 1 mL of solution. For G-bu�er with OptiPrep™,

the density was estimated using the volume-weighted-mean. The surface tension values

were smoothened with a rolling-mean of 1 s. Room humidity was not controlled. In

several experiments, interfacial tension decreased very rapidly (abnormally), causing the

droplet to detach as soon as they are formed. These measurements were discarded from

analysis.
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4.6 Appendix

Figure 4.6 | Droplet formation at the capillary orifice at a rotation speed of 1900 rpm. Video

recording of droplet formation at the capillary orifice at a rotation speed of 1900 rpm. The playback

speed is 10 fps for a total of 250 frames. The capillary opening is 100 µm.

Figure 4.7 | Silanization of the capillary prevented a�achment of the liquid thread to the
capillary. Representative field-of-views, di�erences can be seen in insertion angle, insertion depth,

and capillary orifice. In all three cases, the capillary was silanized, and the liquid filament did not

adhere to the capillary. The capillary was silanized using dichlorodimethylsilane (40140, Sigma

Aldrich) by submerging the tip of the capillary for one minute, before removing excess with nitrogen

gas. The capillary opening is 100 µm.
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Figure 4.8 | Representative field-of-views highlighting the high inter-experiment variability
in droplet formation at the capillary orifice at a rotation speed of 1900 rpm. Microscopy

images capturing droplet formation at the capillary orifice at a rotation speed of 1900 rpm in

independent, consecutive experiments using the same capillary. The inner solution consists of PBS

bu�er with 18.5 % v/v OptiPrep™. For identical experimental conditions, noticeable di�erences can

be seen, e.g. in insertion angle (top row, cyan), liquid filament (top row, magenta), droplet size (top

row, yellow) and motion (bo�om row). Bo�om row: standard deviation stack projection of 100

frames (every 50th frame of 5000 frames). White highlights indicate variations in movement, such

as the occurrence of a droplet vortex in the wake of the capillary (le� and right image) and the

movements of the liquid filament end (le� and middle). The capillary opening is 100 µm in all cases.

Figure 4.9 | Droplet formation at the capillary orifice at a rotation speed of 2700 rpm. Video

recording of droplet formation at the capillary orifice at a rotation speed of 2700 rpm. The playback

speed is 10 fps for a total of 250 frames. The capillary opening is 100 µm.
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Figure 4.10 | Droplet formation at the capillary orifice at a rotation speed of 1000 rpm.
Video recording of droplet formation at the capillary orifice at a rotation speed of 1000 rpm. The

playback speed is 10 fps for a total of 250 frames. The capillary opening is 100 µm.

Figure 4.11 | Droplet formation of protein-containing solutions at the capillary orifice
at a rotation speed of 1900 rpm. Video recordings of droplet formation at the capillary orifice

at a rotation speed of 1900 rpm for an (a) actin-containing solution (1 µM in G-bu�er, 6.5 % v/v

OptiPrep™), and (b) tubulin-containing solution (33.33 µM in MRB80 bu�er, 1.75 % w/v sucrose).

The playback speed is 10 fps for a total of 250 frames. The capillary opening is 100 µm.
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Figure 4.12 | Interfacial tension evolution with and without actin using di�erent lipid
compositions. Each curve represents the average over N measurements with the shaded region

being the standard deviation. Only DOPC against inner aqueous solution (G-bu�er with 18.5 % v/v

OptiPrep™) without (red line, N=21) and with (orange line, N=19) 4.4 µM actin, DOPC with 20 %

DOPS against inner aqueous solution without (dark green line, N=2) and with (light green line, N=3)

4.4 µM actin, and finally DOPC with 5 % PEG 2000 DOPE measured against inner aqueous solution

without (dark blue line, N=3) and with 4.4 µM actin (light blue line, N=3). Total lipid concentration

is 0.2 mg mL
−1

.

Figure 4.13 | Oil-water interface. Video recording of the oil-water interface. The playback speed

is 2 fps for a total of 250 frames.
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Figure 4.14 | Size distribution of droplets and GUVs in eDICE. (a) Histogram of the diameters

of droplets generated in the first step of eDICE (N = 213 droplets from 2 separate experiments).

Droplets contained 4.4 µM actin in F-bu�er with 6.5 % v/v OptiPrep™ and were stabilized by

surfactants in addition to lipids. (b) Histogram of GUV sizes generated by eDICE (N = 494 GUVs

from 4 separate experiments).

eDICE GUVs were prepared as described in Baldauf et al. 174
. Emulsion droplets were

produced in an identical fashion to those produced in the intermediate GUV preparation step in

eDICE, where we emulsified disperse phase into 1 mL of oil phase by mechanical agitation. To

allow us to image the aqueous droplets in oil, we additionally dissolved 2 % v/v Span80 (Sigma

Aldrich) in the oil phase to stabilize the interface. This addition of surfactant was necessary to keep

the droplets from coalescing before or during the ∼ 30 min necessary for imaging, but it changes

the interfacial properties and may thus have an impact on the droplet size distribution we generate.

The addition of extra surfactant has been shown to decrease the average size of emulsion droplets

generated in turbulent flow, so our measurements likely underestimate the true size of droplets

generated during the eDICE GUV formation process. Epifluorescence images of water-in-oil

droplets and GUVs were acquired on an inverted Nikon Ti Eclipse microscope equipped with a 60x

water immersion objective (CFI Plan Apochromat VC), a digital CMOS camera (Orca Flash 4.0),

and an LED light source (Lumencor Spectra Pad X). Phase contrast images were acquired on the

same Nikon Ti microscope.
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Figure 4.15 | Size distribution for GUVs produced using eDICE with various membrane
composition. GUVs with di�erent membrane composition produced by eDICE (see table above;

GUVs were prepared as described in Baldauf et al. 174
). The membranes for widefield imaging also

contained 0.05 % Cy5-labeled lipids. GUVs with 5 % Biotin-PE in the membrane also encapsulated

0.88 µM A�o 488-conjugated streptavidin (Sigma Aldrich), all others are without encapsulated

proteins. Sizes were measured manually in Fiji, fi�ing circles to max projections of a Z-stack. Box

plots comparing the GUV sizes are displayed on the graph, the distributions are not statistically

di�erent (p=0.070 by one-way ANOVA). Epifluorescence images of GUVs were acquired on an

inverted Nikon Ti Eclipse microscope equipped with a 60x water immersion objective (CFI Plan

Apochromat VC), a digital CMOS camera (Orca Flash 4.0), and an LED light source (Lumencor

Spectra Pad X). Phase contrast images were acquired on the same Nikon Ti microscope.

Table 4.1 | Details of lipid compositions used and results obtained in Figure 4.15

Composition Mean(d) Std(d) n Imaged by
100 % DOPC 10.08 4.49 187 Phase contrast
100 % EggPC 9.844 4.89 108 Phase contrast
80:20 DOPC:cholesterol 10.88 4.20 38 Phase contrast
95:5 DOPC:DGS-NTA(Ni) 9.522 3.32 47 Wide�eld
95:5 DOPC:bioPE 11.68 5.43 60 Wide�eld
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Exploring giant unilamellar vesicle

production for artificial cells - Current

challenges and future directions

▶ Creating an artificial cell from the bo�om up is a long-standing challenge and, while

significant progress has been made, the full realization of this goal remains elusive.

Arguably, one of the biggest hurdles that researchers are facing now, is the assembly of

di�erent modules of cell function inside a single container. Giant unilamellar vesicles

(GUVs) have emerged as a suitable container with many methods available for their pro-

duction. Well-studied swelling-based methods o�er a wide range of lipid compositions

but at the expense of limited encapsulation e�iciency. Emulsion-based methods, on the

other hand, excel at encapsulation but are only e�ective with a limited set of membrane

compositions and may entrap residual additives in the lipid bilayer. Since the ultimate

artificial cell will need to comply with both specific membrane and encapsulation re-

quirements, there is still no one-method-fits-all solution for GUV formation available

today. This review discusses the state-of-the-art in di�erent GUV production methods

and their compatibility with GUV requirements and operational requirements such as

reproducibility and ease of use. It concluded by identifying the most pressing issues and

proposes potential avenues for future research to bring us one step closer to turning

artificial cells into a reality.

Published as: L. Van de Cauter, L. van Buren, G. H. Koenderink, and K. A. Ganzinger, “Exploring Giant

Unilamellar Vesicle Production for Artificial Cells - Current Challenges and Future Directions”, Small Methods,
vol. 7, no. 12, 2300416, 2023.
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5.1 Giant unilamellar vesicles in the artificial cell landscape
Cells are the smallest units considered to be alive and in turn the building blocks for

other, more complex, living organisms. Despite being the smallest unit of life, they

exhibit a bewildering complexity at the molecular level. The questions of how those

non-living molecular assemblies can give rise to living cells and what life truly is
178

,

has sparked great interest for many decades. The concept of rebuilding life from its

molecular components
179

has led to the development of synthetic cell research, a new

interdisciplinary scientific field, synchronized with the establishment of various national

and international research initiatives to further the goals of recreating life
180

(such as

BaSyC in the Netherlands
67

, MaxSynBio in Germany
72

, fabriCELL in the UK
181

, Build-

a-Cell community in the USA
71

, and the European Synthetic Cell Initiative in Europe
70

).

Despite significant research e�orts and a widespread public interest, the recreation of

life in the lab in the form of an artificial cell remains an immensely challenging task that

is still in its early stages today.

Figure 5.1 | Giant unilamellar vesicles in the artificial cell landscape. Schematic represen-

tation of the di�erent strategies for constructing an artificial cell. A top-down approach involves

modifying components in their biological context, while a bo�om-up approach relies on the step-

wise integration of di�erent building blocks in a well-defined chemical environment. The aim is

to construct an artificial cell, which we define as a self-growing, self-dividing, and self-replicating

entity. Compartmentalization is a crucial step in the construction of such an artificial cell, and

possible strategies involve the use of giant unilamellar vesicles with a lipid bilayer, polymersomes,

proteinosomes, or coacervates as the container.

Generally, there are two possible strategies to constructing an artificial cell (Figure 5.1).

The classic biological approach (also called a top-down or in vivo reductionist approach),

which involves modifying components in their biological context, has provided valuable

insights in vital genes
182,183

, but has limitations in unravelling mechanistic working

principles. The biological context is so overwhelmingly complex (human cells have

20,000 genes
184

and typical number density is 0.2 to 4 million protein molecules per cubic

micron
185

), that it is generally challenging to unequivocally a�ribute a particular function

to a single component. Even more di�icult than understanding how single components

function within the cell, is to understand how cooperation between molecules can

give rise to complex emergent processes such as cell division and migration.
186

A top-

down approach thus o�ers limited understanding of how life is assembled from its
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non-living parts.
187

Instead, to obtain a mechanistic understanding of cellular parts and

processes, it is o�en necessary to isolate the components of interest and study them in

a well-defined chemical environment.
188

This bo�om-up or constructive approach has

gained significant traction over the past three decades and, in concert with technological

advances, scientists have been aiming to reconstitute cellular processes of increasing

complexity.
107,187

Typically, the aims of this bo�om-up strategy are twofold: on the

one hand the focus is on acquiring fundamental knowledge on the building blocks

of life and how they interact, while on the other hand, e�orts are directed toward

engineering a fully artificial cell. The general strategy here involves enhancing complexity

through the stepwise integration of di�erent building blocks or modules in both time

and space, eventually recreating complex dynamic processes like cell growth, replication,

and division. At the same time, reconstituted systems of intermediate complexity hold

potential in for example medical applications, e.g. as artificial blood cells or for drug-

delivery.
189,190

In this review, we will think of an artificial cell as a self-growing, self-

dividing, and self-replicating entity, constructed from the bo�om up by integrating the

various components needed inside a compartment (Figure 5.1).

An essential step for building artificial cells from the bo�om up is hence the construction

of a ‘container’ for its components. Compartmentalization is not only a fundamental

feature of life but is o�en also considered to be essential for enabling life and its out-

of-equilibrium chemistry in the first place.
132

The molecular content of an artificial cell

thus needs to be contained within an aqueous compartment, in which all reconstituted

cellular processes can take place. To allow for growth and division, this compartment

should also have a deformable envelope. While proteins and metabolites stay confined,

the container should allow for selective import of nutrients and export of waste prod-

ucts to grant survival. Structurally, a large array of design strategies for creating such

compartments exists, all o�ering di�erent benefits and drawbacks.
191

Possible strate-

gies include membrane-less compartments (coacervates
192

), compartments confined by

membranes composed of polymers (polymersomes
193,194

), proteins (proteinosomes
195

),

or lipids (liposomes
73,196,197

), or hybrid approaches
198,199

. Given that all life as we know

it is compartmentalized by lipid membranes across all kingdoms of life
200,201

, liposomes

are the closest mimic to biological cells and therefore ultimately the best choice as the

compartment for an artificial cell made to closely mimic its biological inspiration. The

use of liposomes also ensures compatibility with other biological building blocks, such as

membrane-bound enzymes and transporters. Moreover, the size of giant liposomes, or

giant unilamellar vesicles (GUVs), is similar to the size of eukaryotic cells (5 - 100 µm)
73

.

These cell-like properties and their biological compatibility make GUVs the perfect chas-

sis for building an artificial cell and, unsurprisingly, GUVs have already been used for a

wide range of research applications in biophysics, biomedicine and synthetic biology.
73

5.2 GUVs as the container for artificial cells - What are the requirements?
To achieve the properties and functions desired for an artificial cell, GUVs must satisfy

a broad range of requirements (Table 5.1). A first important criterion to consider is

size and the ability to tune the final size as desired. The GUV size sets the degree
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of confinement and surface-to-volume ratio, which in turn influence growth (via lipid

production), division (via establishment of cell polarity by reaction-di�usion and/or

cytoskeletal systems), and replication (via energy metabolism).
202

Further requirements

can be divided into two categories: the requirements for the container itself, i.e. the

membrane surrounding the aqueous solution, and the requirements for the lumen, i.e.
the encapsulation of di�erent components.

Lipids are a highly diverse group of biomolecules with varying structures and proper-

ties.
203,204

While they all share the common property of having a hydrophilic head and

two hydrophobic tails, which ensures their self-assembly into bilayers, they vary in head

group size and charge (dependent on pH), length of hydrocarbon tails, and saturation

of the tails. As such, lipid properties regulate interactions within the bilayer, thereby

determining membrane elasticity and fluidity, as well as interactions with the external

environment, like electrostatic interactions with proteins and ions. An important prop-

erty arising from the lipid structure is its molecular shape, or intrinsic curvature, which

determines the spontaneous curvature once assembled into mono- or bilayers.
205,206

Lipids with cylindrical molecular shapes lead to the formation of flat bilayers, while

conical-shaped lipids lead to curved membranes. Certain lipids in cell membranes play

important roles in the function of membrane proteins, anchoring of cytoskeletal proteins,

or in signaling. Examples are phosphatidylserine, which interacts with many proteins

via electrostatic interactions, and phosphoinositides, which play a prominent role in

signaling processes.
207,208

In addition to lipids, biological membranes also contain other

important molecules such as cholesterol in animal cells or hopanoids in bacteria
209

.

Cholesterol, a hydrophobic organic molecule with a small hydrophilic head group, is a

key component of animal cell membranes as it integrates into the bilayer where it mod-

ulates lipid packing, thereby controlling fluidity, permeability, and elasticity (reviewed

in
210,211

). Being able to use a large range of lipids, including synthetic and natural lipids,

and the option to include cholesterol is therefore crucial for producing a GUV-based

artificial cell. Synthetic lipids can further be functionalized with a variety of synthetic

polymers or interacting groups, e.g. poly(ethylene glycol) (PEG) linkers, fluorescent la-

bels, nickel chelating groups, or azobenzene moieties. This functionalization can provide

additional properties to the membrane, such as reducing nonspecific interactions
212

,

generating photoswitchable lipids
213

, selective anchoring of molecules or proteins to

the inner or outer leaflet, and more.

In biological membranes, the bilayer is compositionally asymmetric, with the inner

leaflet being di�erent in lipid and protein composition from the outer leaflet. This

transmembrane asymmetry is vital for cell signaling, functioning, di�erentiation, and

growth
214

and occurs because lipids cannot easily transfer from one leaflet to the

other
215

, a process known as flip-flop. In turn, compositional asymmetries give rise

to spontaneous curvature e�ects, which in protein-free lipid membranes are known

to lead to membrane deformations such as lipid nanotubes.
216

Besides compositional

asymmetry, this spontaneous curvature can also be generated by an asymmetry of the

presence of membrane-interacting solutes such as sugars
217

, ions
218

, and proteins
219

.

Mimicking the asymmetrical bilayer composition of biological membranes in GUVs is
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thus a way of enhancing complexity and transcending to more biologically relevant

compositions, necessary for, for example, reconstituting cell-cell interactions.

Lipid bilayers are permeable to hydrophobic molecules and small uncharged polar

molecules like water, but not to protons, ions, and large uncharged polar molecules

like sugars and proteins.
220,221

This permeability can be modulated by altering the lipid

composition, providing a means to fine-tune its properties.
222

As water can move across

the membrane but solutes cannot, GUVs are subject to osmosis. In vitro, controlled

osmosis allows for deformability and control of excess membrane area and membrane

tension. In vivo, permeation of ions and large molecules is facilitated by membrane

proteins such as transporters and channels.
223,224

For the construction of a GUV-based

artificial cell, it would thus be desirable to have the ability to incorporate membrane

proteins into GUVs.
225

To achieve this, a unilamellar membrane, and the absence of

residual solvents or additives, is of particular importance.
225

Table 5.1 | Overview of requirements for GUVs as the container of an artificial cell.

Category Requirement Considerations

general size

5 - 100 µm range

size control

membrane

composition

synthetic lipids

natural lipids

cholesterol

functionalization functionalized lipids

compositional asymmetry

controlled permeability to allow deformability for growth and division

protein reconstitution transmembrane proteins

unilamellarity

for protein reconstitution

mechanical properties

for permeability control

cleanliness absence of residual oil and other inclusions

mechanical stability for manipulation, observation, and longevity

encapsulation

physiological bu�ers

physiological ionic strength (50 - 150 mM)

absence of auxilary molecules

e�iciency

complex reconstitution multiple components in right stoichiometry

cross-compatibility di�erent biological systems within a single GUV

The unilamellar lipid bilayer furthermore a�ects the mechanical properties of GUVs,

which determine the possible shape transformations and mechanical stability. The me-

chanical properties of GUVs are influenced by a range of physical parameters, including

the membrane’s bending rigidity, stretching modulus, and tension.
81

Membrane ‘cleanli-

ness’, alluding to the membrane being composed of a controlled number of bilayers, with

no entrapments, residual oil, or other inclusions altering the above-mentioned criteria,

is an especially important criterion to consider with regard to mechanical properties.

The mechanical properties of GUVs are crucial for the successful reconstitution of pro-
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cesses that a�ect its size and shape (e.g. growth and division) as well as for the ease of

experimental manipulation, observation, and longevity. However, GUV membranes are

naturally unstable and lack robust mechanical properties as compared to their natural

counterparts, cell membranes. As reviewed in Wubshet et al.226
, GUV stability can be

enhanced by membrane modulation, e.g. by tuning the lipid composition, changing

bilayer asymmetry, or altering the cholesterol concentration, or by luminal modulation,

e.g. by encapsulating cytoskeletal components or other, structurally relevant molecules.

So far, we discussed the membrane requirements for GUVs, yet the membrane only

comprises half of the challenge. Requirements concerning the lumen of the GUV, or

encapsulation of molecules, are equally important. GUVs must be able to encapsulate

physiological bu�ers (50 - 150mM) in absence of any type of chemical that can interfere

with biological processes. Furthermore, it is important to have the ability to achieve

complex, multi-component reconstitutions in which di�erent types of proteins or protein

machineries are e�iciently encapsulated in the right stoichiometries. Moreover, emphasis

should be placed on cross-compatibility, i.e. the ability to encapsulate diverse biological

systems in a single GUV, which are o�en reconstituted under di�erent bu�er conditions.

An ideal system should thus be able to accommodate multiple biological systems with

ease, with a minimum of auxiliary molecules that may hinder their normal functioning.

In essence, producing GUVs for artificial cells thus requires meeting two main goals: hav-

ing a complex and biologically analogous membrane while achieving a multi-component

lumen. Careful consideration of these requirements is necessary to produce GUVs that

can accurately mimic the physiological environment of a cell, and consequently serve as

a suitable container for an artificial cell.

5.3 Overview of available methods for GUV production
Over the past 50 years

77
, numerous methods for producing GUVs have been devel-

oped.
73,74

Currently, more than twenty di�erent techniques exist, giving o�spring to

hundreds of di�erent protocols, ranging from relatively straightforward bulk techniques

to sophisticated microfluidic assembly lines.
88,107,226,227

GUV production methods are

typically classified into two main categories: swelling-based approaches, which rely

on rehydrating dried lipid bilayers, and emulsion-based approaches, where lipids are

initially adsorbed to water-oil interfaces and a bilayer is only formed a�er subsequent

transfer through an oil-water interface (Figure 5.2).

Originally proposed swelling methods involved hydration of a lipid film in aqueous envi-

ronment, commonly referred to as natural or spontaneous swelling or gentle hydration.
77

Later, Angelova et al.78
showed this natural swelling process could be accelerated by the

application of an alternating electric field, leading to the development of electroforma-

tion. Historically, swelling-based approaches have been used widely in the biophysical

community to study membrane biophysical properties outside of any cellular context,

e.g. bilayer elasticity
228,229

, lipid di�usion
230,231

, membrane lateral organization
232

, and

membrane permeability
233

. While electroformation has been the gold standard for GUV

formation since its invention, a major disadvantage has been the limited compatibility
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of this method with charged lipids and physiological bu�ers. However, widespread

research e�orts have meanwhile led to the successful formation of GUVs in a wide range

of bu�er compositions while also incorporating a broad range of lipids, discussed in

more detail in Rideau et al.227
and Boban et al.234,235

. Alternatively, porous hydrogels

naturally promote GUV swelling in solutions of higher ionic strength.
82,83,115,142

How-

ever, gel-swollen GUV membranes can be contaminated with gel polymers, thereby

leading to altered membrane properties.
236

To produce clean membranes, e�orts have

been concentrated on changing the physicochemical properties of the hydrogels
83

, cross-

linking the polymers
84

, or using other (porous) substrates such as glass beads
148,237

, and

more recently, textile
238,239

and paper (PAPYRUS)
240,241

. Although these more recent

techniques o�er welcome simplicity and make GUV formation more accessible to a wider

audience, they are still in their infancy. Altogether, a wide set of swelling-based GUV

formation methods has been developed to produce GUVs with membranes of varying

compositions, in bu�ers of di�erent ionic strength. Notwithstanding these valuable

results, swelling-based techniques generally only have limited compatibility with more

complex biological reconstitution experiments as e�icient encapsulation of large and

charged water-soluble molecules remains hard to achieve using these methods.
73

This

includes proteins, a synthetic genome, and other biomolecules that form the basis for

the cell-mimicking content of artificial cells.

When complex encapsulation is required, researchers o�en resort to GUVs formed from

emulsion droplets by emulsion-based techniques.
242

Here, water droplets are formed in

an oil phase containing lipids, which adsorb to the droplet water-oil interface to create

a lipid monolayer (i.e. water-in-oil emulsion). Next, a�er transfer of these droplets

through another oil-water interface, likewise covered by a lipid monolayer, the droplets

acquire a second lipid monolayer and transform into GUVs. As opposed to swelling-based

methods, emulsion-based methods thus make use of solvent-displacement. This can

lead to the undesirable entrapment of residual additives in the final lipid bilayer, thereby

possibly altering the mechanical properties of the GUV
73

, which is o�en regarded as

the most significant drawback of emulsion-based methods. However, owing to this

two-step solvent displacement process, emulsion-based methods do o�er the ability to

control the inner aqueous phase independently from the outer aqueous solution, and

furthermore allow assembly of the lipid monolayers one by one, enabling the assembly

of asymmetric bilayers.
86,102,243,244

Despite the introduction of inverted emulsion just

fi�een years ago, and the even more recent emergence of various related methods,

emulsion-based methods have already allowed numerous advancements in complex

reconstitution experiments in this comparatively short period.
98,127,157,242

Furthermore,

the working principle of inverted emulsion is suitable for automation and has given rise to

a plethora of microfluidic assembly techniques (e.g. octanol-assisted liposome assembly

(OLA)
92

, other PDMS-based microfluidic methods
136,245–249

, or hybrid methods
86,250

;

reviewed in
88,251,252

) which allow additional control over GUV size and in situ observation

of GUV formation. In addition, several other techniques that o�er enhanced control

of the inverted emulsion process have been developed. One example is continuous

droplet interface crossing encapsulation (cDICE)
93,157

, and its recent adaptation termed
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Figure 5.2 | Overview of GUV production methods. Generally, there are two di�erent ap-

proaches to GUV formation. Swelling-based methods rely on natural hydration of a lipid film, while

emulsion-based methods are based on the passage of a water-in-oil emulsion through an oil-water

interface for bilayer formation. Swelling-based methods, indicated by the dashed lines, include nat-

ural/spontaneous swelling, gel-assisted swelling, swelling on various porous substrates such as glass

beads or textile/paper, and electroformation. Emulsion-based methods, indicated by the solid lines,

include inverted emulsion, microfluidic-based methods (e.g. octanol-assisted liposome assembly

(OLA) and other PDMS-based microfluidic methods), je�ing, continuous/emulsion droplet interface

crossing encapsulation (cDICE/eDICE), the shaking method that forms GUVs via intermediate

droplet-stabilized GUVs (dsGUVs), and droplet-shooting centrifugal formation (DSCF).
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emulsion cDICE (or eDICE)
141,174,253

, which have been successfully implemented for

actin cytoskeleton reconstitution experiments by various labs.
93,95,141,157,174,254–256

Other

successful examples are the shaking method, which uses droplet-stabilized GUVs as

intermediates
257

, and droplet-shooting centrifugal formation (DSCF), which makes use

of a 3D-printed microcapillary
258

. While other techniques such as microfluidic je�ing
89

have seen some success
90,259,260

, they have not been widely adopted and further studies

are needed to investigate the physicochemical properties of the resulting GUVs.

5.4 Strengths and limitations of current methods – a comparative, state-of-the-art
overview
As discussed in the previous section, there are two main approaches to forming GUVs.

Well-studied swelling-based methods o�er a wide range of lipid compositions, but at the

expense of a limited encapsulation e�iciency. Emulsion-based methods, on the other

hand, excel at encapsulation but have only been shown e�ective with a limited set of

membrane compositions and may entrap residual additives in the lipid bilayer. Since

the ultimate artificial cell will need to comply with both membrane and encapsulation

requirements, there has been no one-method-fits-all solution so far. To compare the

strengths and limitations of available GUV production methods, we review the state-of-

the-art of di�erent methods and their compatibility with the specific membrane and

encapsulation requirements outlined in Table 5.1. Table 5.2 and 5.3 provide an overview of

the compatibility of di�erent methods with membrane and encapsulation requirements,

respectively. Note that we did not include natural swelling, swelling on paper (PAPYRUS)

or textile, and je�ing due to their limited use, characterization, or applicability, respec-

tively. Our discussion on microfluidic-based techniques specifically focuses on two key

publications that have shown significant advances for the construction of artificial cells:

OLA, as published by Deshpande et al.92
, and surfactant-free PDMS-based microflu-

idics, first published by Yandrapalli et al.245
. For a comprehensive overview of other

microfluidic-based techniques, we refer the interested reader to other reviews
88,251,252

.

5.4.1 Size

All methods discussed can generate GUVs within the preferred size range of 5 - 100 µm

in diameter. However, considerable di�erences arise when considering size control and

size monodispersity. Microfluidic-based techniques, like OLA, provide tight control over

GUV size through channel design of the microfluidic chip and dynamic control of the

used flow rates.
92,245,261

Consequently, GUV monodispersity is the highest in these

methods and they are the only ones o�ering high-throughput production of same-sized

GUVs. Non-microfluidic emulsion-based methods generally produce less monodisperse

GUV populations. DSCF, the newest method we found, does not report any GUV size

distributions
258

, but is thought to provide some selectiveness due to an inherent size

filtration. For the inverted emulsion method and the shaking method using droplet-

stabilized GUVs, no extensive size screenings and parameter studies have been reported

to date, but recent studies gave first evidence that GUV sizes can be tuned to limited

extent by changing the experimental conditions.
137,257

cDICE was originally presented as

a promising method to allow for size tuning by controlling the capillary diameter used to



76 Exploring GUV production for artificial cells - Current challenges and future directions

generate the emulsion droplets.
93

However, larger capillary openings have since become

the default to overcome issues related to capillary clogging, resulting in a complete loss

of size control.
157

The more recent adaptation of cDICE, eDICE, refrains from using a

capillary and results in similar GUV size distributions as cDICE.
174

This indicates an

inherent size selectivity in these methods beyond that induced by droplet formation

at a capillary orifice, predominantly yielding GUVs with a diameter around 10 µm. By

contrast, swelling-based methods typically result in an even more heterogeneous GUV

size distribution.

While size control is useful for systematic screening, size polydispersity o�ers the ad-

vantage of screening size subpopulations within a single experiment, facilitating high

throughput, provided that the GUV yield is su�iciently large.
148

Moreover, as experi-

ments are o�en optically analyzed on a per-GUV basis, polydispersity in GUV size does

not necessarily pose a disadvantage.

5.4.2 Compositional complexity of the lipid bilayer

Swelling-based methods allow for reconstitution of membranes with a wide set of

lipid compositions. Both gel-assisted swelling and electroformation have considerable

advantages over the original natural swelling method, which is why they have largely

replaced the la�er in the field.
227

Both methods have been shown to be compatible with

a wide range of lipids, including synthetic lipids, charged (both anionic and cationic)

lipids, and natural lipids, and to also allow for the incorporation of relatively high molar

ratios of cholesterol, as reviewed in Rideau et al.227
. Swelling-based methods, through

swelling on heat-resistant surfaces, furthermore o�er straightforward compatibility with

elevated temperatures, making it possible to produce membranes with a wide set of

phase transition temperatures, even including Archaeal lipid extracts with a melting

temperature above 80 °C
262,263

. Incorporation of natural lipids or cholesterol into GUV

membranes made by swelling on glass beads has not yet been shown experimentally.

While charged membranes can be reconstituted with electroformation, the charge a�ects

the GUV formation process, requiring careful fine-tuning of the formation parameters.

Steinkühler et al.216
found charged lipids to distribute asymmetrically in electroformed

GUVs, an e�ect which could be countered by careful tuning of the voltage and tem-

perature during electroformation. At ratios of > 50% cholesterol, a demixing artefact

occurred for electroformation, resulting in a lower final concentration of cholesterol

when compared to the initial ratio. Boban et al.235
showed this e�ect could be reduced

by tuning the lipid deposition method.

All emulsion-based methods, except DSCF, have, likewise, been found to be compatible

with anionic lipids. Two emulsion-based methods, the shaking method and inverted

emulsion, have even successfully constructed GUVs using Escherichia coli polar extract,

providing a close mimic to complex biological membranes.
257,264

Both methods have

also been shown to work with cationic lipids.
257,265

In principle, cholesterol can be

incorporated up to nominal ratios of 20 - 30% by the shaking method, inverted emulsion,

and the OLA method, but the actual cholesterol content may di�er from this input
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concentration; in case of cDICE, it was for instance shown that cholesterol ended up in

a lower stoichiometric ratio than expected
94

. This issue could be overcome by delivering

cholesterol to already-formed GUVs using cholesterol-loaded methylated � cyclodextrin

molecules.
94

Another adaptation of cDICE, called double layer cDICE
102

, was introduced

to overcome the cumbersome incorporation of cholesterol but has not led to any follow-

up studies since. This sensitivity to cholesterol incorporation indicates a need for further

clarification of the working principles of the emulsion-based GUV formation process.

While many methods have been shown to be compatible with di�erent lipids, much

less research has been conducted on the final stoichiometric ratios obtained in the lipid

bilayer. As also illustrated by the examples above, a be�er understanding is needed

of the extent to which di�erent lipids and cholesterol are incorporated into the final

membranes, so membrane functionality can be precisely tuned and controlled.

Obtaining an asymmetric bilayer composition requires sequential assembly of each lipid

monolayer. Hence, asymmetry is inherently incompatible with swelling-based methods.

Only inverted emulsion and eDICE o�er the potential for obtaining a di�erent lipid

composition for inner and outer leaflet. Di�erent groups have reported the assembly

of asymmetric bilayers using inverted emulsion
243,244,266

, but this has yet to be demon-

strated using eDICE. We would like to note that je�ing, which we did not include here

due to its limited compatibility with artificial cell research, does o�er a neat way of

producing asymmetric GUVs, as first shown by Richmond et al.91
and later by Kamiya

et al.259
.

Reconstitution of transmembrane proteins in GUVs has been extensively reviewed by

Jørgensen et al.267
. In short, swelling-based methods generally allow for the direct

incorporation of transmembrane proteins, yet protein dehydration is needed, which

could potentially lead to denaturation in the process. Emulsion-based methods allow

for transmembrane protein incorporation by solubilizing the protein in the oil phase,

provided the protein is su�iciently soluble, but oil additives may be entrapped in the

bilayer during incorporation. The shaking method is the only method providing a

straightforward way of incorporating membrane proteins by making use of fusion of

proteoliposomes during the GUV assembly process.
257

However, obtaining a controlled

protein orientation is cumbersome, and generally, transmembrane protein reconstitution

during GUV formation remains di�icult. Several strategies exist for the incorporation

of transmembrane proteins a�er GUV formation and encapsulation
225

, which are not

further discussed here.

It is useful to note that the total amount of lipids necessary for various methods varies

significantly, typically being lower for swelling-based methods, with, for example, only ∼
10 µg of lipids required for gel-assisted swelling compared to ∼ 1.5 mg for eDICE. The

required quantity of lipids is particularly relevant when working with precious lipid

samples, favoring swelling-based methods in those cases.
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5.4.3 Mechanical properties of the GUVs

To mimic drastic shape changes during growth or division, it is important to consider the

mechanical properties of GUVs. One common concern with emulsion-based methods is

the possibility of entrapment of residual amounts of additives into the lipid bilayer during

solvent displacement, which could a�ect the chemical and mechanical properties of the

formed lipid bilayers. Since swelling-based methods do not rely on solvent displacement,

these methods are not a�ected by this issue. However, in contrast to emulsion-based

methods, swelling-based methods, by relying on the hydration of lipid bilayers, can

more easily give rise to unwanted multilamellar vesicles.
148,234

Furthermore, it has been

shown that swelling on some polymer gels such as agarose or polyvinyl alcohol (PVA),

can lead to membrane contamination from molecules released from the gel support,

resulting in altered membrane properties (e.g. increased permeability, altered membrane

interfacial tension, and lowered di�usion coe�icients for lipids).
82,227,236,268

For all emulsion-based methods except DSCF, several control experiments have con-

firmed the minimal e�ects of residual additives on membrane properties. All emulsion-

based methods have been shown to result in unilamellar bilayers, confirmed by leakage

assays incorporating alpha hemolysin.
92,93,137,157,245,257

Furthermore, for none of the

resulting GUVs, there were optically detectable traces of any residues in the lipid bi-

layer.
92,93,137,157,245,257

Fluorescence recovery a�er photobleaching (FRAP) has been used

to study lateral lipid di�usion coe�icients, and it was shown that both the OLA method,

surfactant-free microfluidics, and the shaking method result in GUVs with similar lipid

di�usion coe�icients to electroformed GUVs.
138,245,257

Fluctuation spectroscopy has also

shown that cDICE-formed GUVs exhibit a comparable bending rigidity to electroformed

GUVs, while for inverted emulsion, somewhat lower values were found albeit these

changes were not statistically di�erent.
93,137

GUVs produced using the shaking method

have additionally been analyzed using cryotransmission electron microscopy (cryoTEM)

and zeta-potential measurements, which confirmed no significant e�ects of any potential

residual additives present in the lipid bilayer.
257

Despite these extensive control experiments, a recent study by Faizi et al.269
showed

an altered shear surface viscosity for GUVs produced using gel-assisted swelling and

inverted emulsion, a�ributable to gel remnants and residual oil, respectively. For experi-

ments requiring perfectly clean membranes, it is therefore worth noting that solvent-free

electroformation sets the benchmark for clean lipid bilayers.
75,81

Overall, many mem-

brane studies and extensive characterization have been carried out for swelling-based

methods, unlike emulsion-based methods, which have not been studied as thoroughly

in this aspect.
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5.4.4 Encapsulation of complex solute mixtures in physiological bu�ers

Encapsulation of macromolecules and essential small solutes in complex physiological

bu�ers is indispensable for the reconstitution of a complex artificial cell. All discussed

swelling and emulsion methods for GUV formation have been used with physiological

bu�ers, o�en using standard protein bu�ers such as tris(hydroxymethyl)aminomethane

(Tris) bu�er, phosphate-bu�ered saline (PBS), or 4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid (HEPES) bu�er.

In emulsion-based methods, the outer aqueous solution is di�erent from the inner

aqueous solution but their osmolality needs to be matched, which is typically achieved

by producing the GUVs in an outer aqueous solution supplemented with glucose. It

is important to keep in mind that high concentrations of glucose can lower the pH

of the outer solution, which in turn can have adverse e�ects on membrane properties.

The lower pH is a�ributed to glucose’s weak acidity resulting from the ability of its

hydroxy groups to donate protons to water, in combination with the interconversion

between the energetically favorable closed (�-D-glucopyranose), and open/linear (D-

glucose) forms.
305,306

Additionally, emulsion-based methods such as inverted emulsion,

cDICE, eDICE, and DSCF, require a density di�erence between the GUV interior and the

outer solution for successful GUV formation. This can be achieved by adding equimolar

concentrations of sucrose and glucose in the inner and outer solution, respectively. While

concentrations up to 900 mM of sucrose/glucose have been used
283

, the e�ect of these

high concentrations of sugar on protein and membrane properties have barely been

studied.
307

As an alternative to using sugars, density gradient medium OptiPrep™ has

been successfully used in cDICE and eDICE.
98,141,157,174,253,256,296,297

In the case of OLA,

glycerol is required in both the inner and outer solution, along with the nonionic triblock

copolymer surfactant Poloxamer 188 (P188) in the outer solution. It is important to note

that these additional additives, especially at the high concentrations typically used, will

a�ect protein and membrane properties during the experiments.

Inverted emulsion has been used for, among other systems, reconstitution of actin

cortices
127

, encapsulation of tubulin
284

, in vitro transcription-translation (IVTT) sys-

tems
139,264,285,287,290,292,293

, RNA organelles
283

, and FtsZ filaments
164,288

, up to full in
vitro reconstitution of the E. coli divisome machinery (including MinCDE, FtsZ and

FtsA)
289

. Likewise, cDICE has been used to encapsulate a wide variety of systems. These

include microtubules with kinesin motor clusters
96

, an actomyosin network coupled to

1
Size tuning and size monodispersity of GUVs for the di�erent methods is categorized as follows: - (no size

control whatsoever and/or large polydispersity), + (limited size control and/or relatively monodisperse GUV

population), ++ (full size control and/or GUVs highly monodisperse).

2
See in-text description for further details.

3
Formation of asymmetric GUVs has not been demonstrated using this technique, however, the method in

principle allows for the sequential assembly of lipid monolayers.

4
Membrane protein reconstitution shown during the GUV formation process.

5
Extent of characterization of resulting GUVs produced by a certain method is expressed as follows: ◦ (no char-

acterization), + (limited amount of characterization studies; ≤ 2 publications), ++ (extensive characterization

in literature; > 3 publications), +++ (used as benchmark for clean membranes, extensive characterization in

literature).
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the membrane
101

and contractile actomyosin rings
254

. Also the bacterial Min protein

system
98

, fascin-actin bundles
295

and keratin networks
95

have been encapsulated using

cDICE. Successful encapsulation of IVTT systems has also been demonstrated.
157

Fur-

thermore, cDICE has successfully been used to encapsulate colloids, red blood cells
93

,

small unilamellar vesicles (SUVs), DNA origami and even live bacteria
157

. Recently,

there has been a clear shi� from cDICE toward eDICE, implementing the proposed

optimizations for cDICE presented in Van de Cauter et al.157
. eDICE has since been

used to reconstitute actin cortices nucleated by the Arp2/3 complex
256

and VCA
174

and

reconstitution of actomyosin networks
141,295

. Similar results have been obtained using

the shaking method: from encapsulation of F-actin with SUVs
298

, a DNA cytoskeleton

mimicking actin rings
301

, and a DNA segregation module
299

, to cells
257

. DSCF has, so

far, only been used to encapsulate IVTT systems.
258,302

Surfactant-free microfluidics

showed encapsulation of a wide range of (biological) systems, from polystyrene beads to

SUVs, IVTT systems
304

and even fibroblast cells.
245

Direct encapsulation of protein sys-

tems using this microfluidic method has yet to be reported. The OLA method has shown

encapsulation of bacterial divisome proteins FtsZ and sZipA, including the colocalization

of FtsZ filaments and ZipA at the membrane.
92

Swelling-based methods, unlike emulsion-based methods, do not require any additives.

An overview of encapsulation studies with electroformation and gel-assisted swelling can

be found in Rideau et al.227
. Highlights are the successful reconstitution of actomyosin

networks using gel-assisted swelling
115,142,308

and the reconstitution of an advanced

protocell using electroformation, allowing light-controlled generation of ATP, in turn

inducing the polymerization of actin
130

. Swelling on glass beads has proven particularly

e�ective in encapsulating IVTT systems. Recent notable results include the de novo
synthesis of MinD and MinE proteins

273
, the formation of FtsA-FtsZ ring-like structures

yielding constricting GUVs
271,272

, the assembly of microtubules inside GUVs
274

, and

DNA-programmed membrane synthesis
275

from IVTT systems. Despite these promising

results with encapsulating IVTT systems, the method has not been used for encapsulation

of other biological systems.

Generally, swelling-based methods are used more for membrane-oriented studies, while

emulsion-based studies focus on studying the encapsulated content. This is in line with

the favorable membrane properties of GUVs formed via swelling and the inherently

superior encapsulation abilities of emulsion-based methods. For a more extensive recent

overview of protein reconstitution in GUVs, we refer to Lopes dos Santos et al.309
and

Litschel et al.225
.

5.4.5 Encapsulation e�iciency

To ensure a controlled protein concentration in the lumen of the GUVs and to achieve

the correct protein stoichiometries, encapsulation e�iciency is an essential factor to

consider. Unfortunately, there is no generally accepted, standardized way of quantifying

encapsulation e�iciency, making it challenging to directly compare between di�erent

methods. O�en, encapsulation e�iciency is expressed qualitatively, by showing success-

ful reconstitution of functional biological systems inside GUVs, instead of determining



82 Exploring GUV production for artificial cells - Current challenges and future directions

absolute luminal protein concentrations. First steps toward measuring absolute protein

concentrations in GUVs have been taken by Supramaniam et al.310
, who developed a

microfluidics-based single-molecule approach, further emphasizing the need for quanti-

tatively determining encapsulation e�iciency.

Swelling-based methods are known to o�er low encapsulation e�iciency due to the

incompatibility of the GUV formation mechanism with the encapsulation of large and

charged molecules.
311

Tsai et al.115
reported an encapsulation e�iciency of about 50%

for cytoskeletal actin-myosin networks, quantified by fluorescence intensity, using gel-

assisted swelling. For swelling on glass beads, the encapsulation e�iciency of IVTT

systems was shown to increase upon freeze-thaw cycles (also needed to break up mul-

tivesicular and multilamellar vesicles into GUVs).
148

The e�ect of content exchange

between GUVs by repeated freeze-thaw cycles was also reported by Litschel et al.97
. A

benefit of swelling on glass beads is that it is compatible with sample volumes as low as

a few microliters
237

, which is convenient when working with precious samples.

Microfluidics-based methods o�er the highest encapsulation e�iciency as the injected

solution gets directly encapsulated into GUVs. This has been shown for OLA and

surfactant-free microfluidics. Yandrapalli et al.245
reported a very high e�ective encapsu-

lation e�iciency of 95% for dispersible components (measured by fluorescence intensity),

but a more variable encapsulation e�iciency for large, solid objects like beads. No quan-

tification has been reported for the shaking method while for DSCF an encapsulation

e�iciency of ∼ 50% for IVTT systems was reported by comparing fluorescence intensity

to a bulk solution.
258

Encapsulation e�iciency in cDICE was shown to be tunable by

changing the composition of the lipid-in-oil dispersion, which alters the lipid adsorption

rate.
157

The inclusion of a small fraction of PEG-ylated lipids likewise increased the

encapsulation e�iciency, which was shown by an increased protein expression by IVTT

systems.
157

Loiseau et al.101
noted that higher protein concentrations reduced the GUV

yield for cDICE and the same e�ect was observed by Ganzinger et al.164
, using inverted

emulsion for GUV formation. Recently, Baldauf et al.174
, using eDICE, observed a super-

saturation e�ect (up to 1.7x the nominal concentration) for encapsulation of higher actin

concentrations, demonstrating that even emulsion-based methods give a polydispersity

in encapsulation e�iciency. It is important to note that for many emulsion-based meth-

ods, the detailed GUV formation mechanisms are still unknown. It is, therefore, also

unknown how, and to what extent, di�erent inner solutions and protein concentrations

influence the GUV formation process.

5.4.6 Cross-compatibility of GUV production methods and di�erent biological systems

Encapsulating the di�erent modules needed for an artificial cell within a single GUV,

arguably poses the biggest hurdle to date. Di�erent GUV production methods show

varying degrees of success in encapsulating di�erent biological systems (i.e. peripheral

membrane-localized protein, polymerizing protein, IVTT systems, and other). The above

review clearly demonstrates strengths and limitations in terms of the di�erent methods

regarding the types of biological systems that can be encapsulated e�ectively. Highly

specialized methods like swelling on glass beads have been found to be reliable for
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encapsulating IVTT systems, but may not be as e�ective for encapsulating other biological

systems. In contrast, cDICE and its improved variant eDICE have shown compatibility

with encapsulating a wide variety of biological systems.
141,157,174

Achieving successful GUV formation under the conditions needed for a given biological

system of interest requires a thorough understanding of the chemical and physical prop-

erties of each system, as well as their impact on GUV formation and the encapsulation

process. However, few studies have been conducted on the e�ects of di�erent protein

and protein systems on GUV formation mechanisms. Further research is needed to fully

elucidate the underlying mechanisms and develop more e�ective strategies for making

GUV production work seamlessly with di�erent biological systems.
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5.4.7 Operational requirements

Thus far, we have exclusively discussed the requirements for the produced GUVs them-

selves. However, an additional and o�en undervalued factor to consider is the “workabil-

ity” of the production method. Considerations include the accessibility of the method to

potential new users, the adaptability of the method to new experimental conditions, or

the vastness of the parameter space, all of which have not yet been extensively covered

in the literature for any of the methods discussed.
227,234

We introduce these criteria

here under the umbrella term ‘operational requirements’. It may be argued that such

operational requirements carry li�le significance if the primary objective is to show that

a well-defined final goal (i.e. the formation of a complex artificial cell) can be achieved.

Nonetheless, we would like to stress the importance of operational requirements for

methods to become established within the field, be adopted by new research groups,

and enhance collaboration between research groups. The current abundance of diverg-

ing protocols for each GUV formation method poses obstacles for reproducibility and

suggests a lack of robustness for most methods as constant adaptations are required

to apply a method to a new experimental system. Hence a balance needs to be struck

between working toward scientific advancements with a certain method and ensuring

the method works reproducibly and robustly.

As a general rule, swelling-based methods are simple to set up, require minimal equipment

and do not require extensive training of the experimentalist. As outlined above, both

gel-assisted swelling and swelling on glass beads have not proven their applicability in

an equally wide range of experimental conditions when compared to electroformation.

Electroformation excels under a wide variety of conditions, both regarding membrane

composition and bu�er conditions. While electroformation is, therefore, sometimes

claimed to be applicable in virtually any condition, it needs to be acknowledged that

these results were achieved with an equally wide range of protocols, o�en despite

similar conditions
227

, potentially related to the lack of understanding of the process of

GUV formation. It is unclear to what extent this disparity in protocols results in GUVs

with di�erent physicochemical properties. The parameters a�ecting GUV formation

in electroformation include the electroformation chamber (a.o. electrode materials,

electrode cleaning protocol, dimensions), the lipid deposition method, electrical field

parameters, temperature, and total duration of GUV formation. As many groups use

homemade electroformation chambers, there is considerable variation in protocols. This

makes it di�icult to standardize protocols, even for similar conditions, resulting in a lack

in translational reproducibility. To address this issue, there are commercially available

1
Standard protein bu�ers such as Tris bu�er, PBS, or HEPES bu�er, or other bu�ers with physiological ionic

strength (50 – 150mM).

2
Biological systems are divided into the following categories: peripheral membrane-localized protein, filamen-

tous protein, IVTT systems, and other.

3
Encapsulation e�iciency for the di�erent methods is categorized as follows: - (low encapsulation e�iciency), +

(strategies described to increase encapsulation e�iciency), ++ (encapsulation e�iciency of ∼ 100%)

4
Cross-compatibility of di�erent methods with di�erent biological systems is categorized as low (number of

di�erent biological systems encapsulated ≤ 2) or high (number of di�erent biological encapsulated systems >
3).

5
See in-text description for further details.
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devices such as the Vesicle Prep Pro, which has already been used for a small number of

recent studies
278–280,312

. Exploring the parameter space of electroformation experiments

given by the method itself thus remains a time-intensive endeavor, yet important, as

lipid oxidation (which occurs at di�erent voltages for di�erent lipid species)
313

, duration,

and temperature are all important factors to consider upfront.

Compared to swelling-based methods, relatively li�le information is available for the

operational requirements of emulsion-based methods. Emulsion-based methods like

inverted emulsion, the shaking method, or cDICE/eDICE only require simple laboratory

setups and are therefore relatively accessible to new users. Microfluidic-based techniques,

on the other hand, o�en have a high entry point due to their reliance on advanced

fabrication techniques like so� lithography and the need for specialized devices. The

adoption of these techniques typically requires additional resources, expertise, and

investments compared to other emulsion-based and swelling-based methods, further

illustrated by the limited number of follow-up studies for many microfluidic-based

methods proposed. Recent studies have focused on mapping the input parameters of

emulsion-based methods and highlighted its day-to-day variability
157

, with the role of

factors such as humidity and lipid-in-oil solution preparation yet to be fully investigated.

In summary, the operational requirements for both swelling- and emulsion-based meth-

ods remain an area of active research, with significant e�orts underway to address the

associated challenges. While for swelling-based methods, particularly electroformation,

the focus is on countering the divergence of protocols, the primary aim for emulsion-

based methods is on elucidating the vast parameter space. There are ongoing e�orts in

the scientific community that aim to address the reproducibility gaps in these methods

by an open-science approach.

5.5 Moving forward: a blueprint for advancing GUV formation for artificial cell
research
The creation of an artificial cell has been a hotly tackled challenge over the past decade

and, while significant progress has been made, the artificial cell is still far from being

a reality. In this review, we explored the potential of GUVs as a suitable artificial cell

container, needed for building an artificial cell from the bo�om-up. To assemble di�erent

modules of cell function inside a single GUV, the GUVs and GUV production methods

should comply with a list of requirements including obtaining biologically relevant

membrane properties and controlled encapsulation, and further ideally meet operational

requirements such as reproducibility and ease of use. Here, we provided an overview

of the current state-of-the-art in GUV production methods. Despite the availability

of more than 10 commonly used methods, none of them fully meets all the necessary

requirements for the artificial cell at this moment. Most promising results (i.e. challenging

multicomponent reconstitution experiments) have been achieved using emulsion-based

methods, yet exactly for these methods characterization studies remain limited.

On the road ahead, we propose e�orts should be intensified to elucidate physical princi-

ples behind the di�erent GUV formation methods to provide a basis for knowledge-based
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optimization and adaptation. Swelling-based methods are relatively well-characterized,

but emulsion-based methods, despite their widespread use in the field, still lag behind,

likely mainly due to their relatively short history. For these methods, it is important

to further evaluate the e�ects of residual additives in the lipid bilayer and the e�ect

of density-increasing chemicals to ensure optimal mechanical properties. Since lipid

composition is crucial for controlling mechanical and biological functionality of the

membrane, it is important to know its exact composition. Some initial work has been

done on comparing the ratio of input lipids to the final ratio obtained in the GUV bilayer,

yet a detailed understanding of what determines the final lipid composition of the GUV

produced, is still missing. Comparative qualitative and quantitative analysis of the GUVs

produced by di�erent methods is likewise important. While there are competing priori-

ties and these studies are o�en time-consuming, they can provide a solid foundation

for future progress by establishing standardized protocols and by providing appropriate

metrics for assessing and comparing GUVs and the method used to provide them.

In addition, our focus should be on convergence rather than expansion. The ultimate

goal of creating an artificial cell should serve as the driving force, with resources directed

toward encouraging challenging integration experiments. Promoting open science, for

example by including comprehensive methods sections and full protocols in published

papers, will encourage exchange and collaboration between di�erent labs, and help move

toward a more systematic and collaborative approach to GUV formation and ultimately

the creation of an artificial cell. Collaboration between di�erent research groups, sharing

of data and resources, and open access to publications and protocols can accelerate

progress and avoid duplication of e�ort. This way, we can continuously push the limits in

our e�orts to mimic the essence of life and move one step closer to turning the artificial

cell into a reality, ultimately recreating life in the lab.
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Toward a ‘minimal phagocyte’
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A toolbox for bo�om-up reconstitution of

phagocytosis in giant unilamellar vesicles

▶ Phagocytosis, the cellular process of engulfing large particles, plays a crucial role not only

in our immune response to pathogens but also in processes such as tissue homeostasis

and as a feeding mechanism in single-cell organisms. Given the vast diversity of cells

performing phagocytosis and of the objects targeted for phagocytosis, a highly diverse set

of mechanisms, signalling pathways, and receptors are involved. Despite this diversity,

all pathways lead to the common outcome of particle engulfment, suggesting overlap in

membrane reshaping processes. The inherent complexity and underlying redundancy

make studying these mechanisms in living cells, as discussed in Part I of this thesis,

particularly challenging. Here, we aim to explore the basic physical principles underlying

phagocytosis by in vitro reconstitution of a minimal functional system – the ‘minimal

phagocyte’. To this end, we introduce a specialized toolbox containing all elements needed

to strip this complex phagocytotic process to its minimal set of components. This toolbox

serves as a framework for development of an experimental platform facilitating the

study of membrane remodelling and cytoskeletal rearrangements during phagocytosis.

Ultimately, this approach will shed light on the fundamental biophysical principles of

phagocytosis.

91
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6.1 Introduction
Phagocytosis is the cellular process through which cells recognise, engulf, and eliminate

particles larger than 0.5 µm, including pathogens and cells. As such, phagocytosis plays a

pivotal role in our immune response to pathogens and contributes to tissue homeostasis

by removing apoptotic cells.
314

This process is highly conserved and not only occurs in

multicellular organisms, but it also serves as an essential feeding mechanism for protists

or single-cell organisms.
12

Given the vast diversity of cells performing phagocytosis and

the objects targeted for phagocytosis, a highly diverse set of mechanisms, signalling

pathways, and receptors are involved, all leading to the same outcome of particle en-

gulfment. This complexity reflects, in part, the underlying redundancy in biology. While

phagocytic processes are phenotypically related, they exhibit mechanistic di�erences.

Typically, the process involves the recognition of the particle, leading to activation of the

engulfment process by forming a phagocytic cup, which in turn is followed by forma-

tion of the phagosome, and finally maturation of the phagosome.
5,7,12,15,315

A common

denominator in all phagocytic processes is the restructuring of the actin cytoskeleton

and plasma membrane. However, our current understanding of these processes remains

limited, despite considerable research interest.
41,316

To unravel some of the fundamental aspects of phagocytosis, specifically focusing on

membrane remodelling and cytoskeletal rearrangements, we aim to construct an in vitro,

bio-inspired system that simplifies the complex phagocytotic process by stripping it to its

minimal components. By combining such a synthetic biology approach with tools from

biophysics and microfabrication, we can study the physical principles of phagocytosis in

isolation from the complex cellular environment, generally challenging to achieve in vivo.

This minimal functional system – the ‘minimal phagocyte’ – will include all essential

components necessary for spatially directed actin polymerization, thereby promoting

membrane wrapping around a particle (Figure 6.1).

Figure 6.1 | Overview of the ‘minimal phagocyte’. Schematic representation of a phagocyte in
vivo and its cell-mimicking GUV counterpart containing only the minimally required components

for directed actin polymerisation to promote membrane wrapping around an external particle.

Figure 6.2 provides an overview of the components we envision for the ‘minimal phago-

cyte’. We aim to reconstitute it within giant unilamellar vesicles (GUVs), serving as an
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ideal container for the artificial, cell-mimicking system.
152

Within the GUV membrane,

a membrane spanning linker will enable the transduction of particle binding on the

external GUV membrane to actin filament nucleation on the intracellular side of the

GUV, e�ectively connecting ‘out’ to ‘in’. Upon binding of an extracellular particle, a

local upconcentration of the actin nucleator VCA via the membrane spanning linker will

induce local actin polymerisation. To not only exert spatial but also temporal control

over actin polymerization and to avoid depleting the actin and ATP pools, we further

aim to reconstitute alpha-hemolysin pores in the GUV. Observing the full process and

studying potential membrane rearrangements will be achieved using microfluidic GUV

traps.

Figure 6.2 | Overview of components needed for the ‘minimal phagocyte’. The set of

components needed for the ‘minimal phagocyte’ include: GUV formation that enables e�icient actin

encapsulation. Alpha-hemolysin pore formation in the GUV membrane for temporal control over

actin polymerization. The incorporation of a membrane-spanning linker into the GUV membrane

to spatially direct actin polymerization to the site of external particle binding. This is achieved by

anchoring the peptide to VCA on the luminal side of the membrane, thereby e�ectively localizing

actin polymerisation to the sites of the membrane-spanning peptide. Finally, using microfluidic

GUV traps allows for extended imaging and e�icient bu�er exchange.

Two of these components have already been extensively covered in the literature. Firstly,

the reconstitution of a minimal actin cortex inside GUVs, nucleated at the membrane

by Arp2/3, VCA, and profilin, was demonstrated in Chapter 3, Figure 3.4. More recent

publications have further explored reconstituting cortical actin networks using emulsion-

based methods. For example, Bashirzadeh et al.253
provided a detailed protocol for

minimal cortex reconstitution using eDICE, studying actin pa�erns and membrane defor-

mation in GUVs
297

. Baldauf et al.174
further optimized this eDICE protocol and explored

curvature sensing of actin cortices nucleated by VCA and Arp2/3 and studied membrane

deformations
256

. Secondly, alpha-hemolysin pore formation has been routinely used
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as an assay to assess unilamellarity of GUVs, as demonstrated in Chapter 3, Figure 3.2.

Alpha-hemolysin spontaneously inserts into the vesicular membrane as heptameric pores,

enabling the passage of small molecules through the lipid bilayer. Given the availability

of extensive protocols and wide array of successful results for both components, we

anticipate a straightforward adoption into our workflow. Hence, they will herea�er not

be our primary focus.

In this chapter, we have dissected the ‘minimal phagocyte’ into its individual components,

allowing us to focus our e�orts on a select few. Through systematic exploration, we

successfully incorporated two membrane-spanning peptides into the GUV membrane,

designed to enable the localization of actin polymerization. To induce this localized

actin polymerization, we explored binding of streptavidin-coated beads and DBCO-

labelled VCA to this membrane spanning peptide from the outside and the luminal

side, respectively. Furthermore, we replicated a microfluidic GUV trapping protocol
317

,

enabling time-resolved and parallel studies of single GUVs. Finally, we present an initial

experiment towards the integration of di�erent components, marking a crucial step

toward spatially triggering actin polymerization and highlighting the future potential of

our approach.

6.2 Results and discussion
6.2.1 From cDICE to eDICE for GUV fabrication

Instead of using cDICE, extensively discussed in Chapters 4, 5, and 6, we here use eDICE

– emulsion-based cDICE.
174,253

As the name implies, the capillary is omi�ed in eDICE

and droplet formation is achieved through emulsification instead. As this approach

avoids the use of a capillary, clogging and alteration of GUV formation through capillary

e�ects is circumvented. This at no loss over GUV size control, as the used capillaries

have been shown to provide no additional control over final GUV size compared to

eDICE.
318

eDICE also allows for faster encapsulation, crucial for polymerising proteins,

and allows encapsulation of volumes as low as 25 µL, while resulting in GUVs comparable

in size to those previously obtained using cDICE.
174

Several other, small modifications

were implemented in the protocol, essential for protein reconstitution. Notably, a lower

OptiPrep™ concentration (i.e., 6.5 % v/v vs 18.5 % v/v in case of cDICE) was used, as

higher concentrations were found to alter actin polymerization kinetics.
174

The changes

outlined above are particularly significant for actin encapsulation and, by extension,

for our ‘minimal phagocyte’. Consequently, we concluded that eDICE is the preferred

method moving forward. Due to the extensive overlap of both protocols, we were able

to seamlessly adapt the new approach. Furthermore, we found the workflow to be

significantly easier.

6.2.2 A membrane-spanning peptide to connect in and out

Arguably, the quintessential component in the ‘minimal phagocyte’ is the membrane-

spanning peptide. It serves as the linchpin for replicating receptor-mediated actin

polymerisation in a minimal way, facilitating spatial localisation of actin polymerisation

to the membrane. This e�ectively simplifies the complex in vivo interactions to a one-step
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interaction in vitro. We opted to explore synthetic transmembrane peptides, frequently

used for studying transmembrane proteins, which are renowned for their challenging

reconstitution in lipid bilayers. Given their widespread use, we had multiple options at

our disposal and we decided to screen two peptides, the WALP peptide and the SNARE

peptide.

The WALP peptide is a single-pass transmembrane alpha-helical peptide composed

of leucine and alanine repeats (‘LA’) of variable length, flanked on both sides by two

tryptophans (‘WW’).
319,320

Originally designed as a synthetic analogue of widely studied

alpha-helical peptides, its sequence represents a standard sequence for a transmembrane

alpha-helical segment of intrinsic membrane proteins: a long stretch of hydrophobic

residues flanked on either side by aromatic amino acids. Previous studies confirmed

its expected incorporation as an alpha-helix into lipid bilayers and showed a spatially

homogenous distribution.
321,322

For our experiments, we opted for WALP23, which

contains 8 repeats of the ‘LA’ sequence and has a total length of 34.5 Å, su�iciently long

to span the lipid bilayer.
323

WALP23 was previously successfully reconstituted in GUVs

by Podolsky et al.324
, who also confirmed its correct incorporation as an alpha-helical

fold. For our purposes, we modified the peptide by introducing a functionalized lysine

at each end, featuring a biotin and an azide group. To ensure proper exposure of these

tags outside the membrane, we included an additional three-glycine linker at each end

(Figure 6.3a).

Figure 6.3 | Incorporation of the membrane-spanning peptides into electroformed GUVs. (a)

Illustration of the DBCO- and biotin-functionalized WALP peptide in GUVs. The peptide randomly

insert into the GUV membrane, resulting in both functionalisations being present on either side of

the membrane. Assessment of WALP peptide incorporation through binding of DBCO-PEG4-5/6-

Carboxyrhodamine 110 and streptavidin-Alexa Fluor 488 to the external surface of electroformed

GUVs with a 1:17 peptide:lipid ratio. Membrane-localized fluorescence of the DBCO group indicates

successful incorporation of the WALP peptide into the GUV membrane. All scale bars indicate

10 µm. (b) Same as in (a), but for the SNARE peptide. All scale bars indicate 10 µm.
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As an alternative and parallel approach, we explored a SNARE-based peptide. SNAREs,

soluble N ethylmaleimide-sensitive factor a�achment protein receptors, constitute a

family of proteins that are key components in driving membrane fusion processes.
325

Characterized by a simple domain structure, SNAREs exhibit a distinctive feature known

as the SNARE motif - a highly conserved stretch of 60 - 70 amino acids arranged in

heptad repeats. Typically, most SNAREs possess a single transmembrane domain at their

C-terminal ends, linked to the SNARE motif by a short linker. At the N-terminal region,

many SNAREs showcase independently folded domains that vary among subgroups.
325

Synaptobrevin is an example of such a SNARE, containing an alpha-helical transmem-

brane sequence.
326

Synthetic reconstitution of SNAREs has proven to be a valuable

tool to simplify the intricacies of SNARE assembly into a functional complex, helping

elucidate the structure-function relationship in membrane fusion.
326–328

Starting from

the native protein sequence of synaptobrevin, we introduced the required biotin and

azide functionalisations on either end and additionally included a PEG4 spacer to ensure

the tags protrude from the lipid bilayer and are available for binding (Figure 6.3b).

To incorporate the membrane-spanning peptide into the GUV membrane, we added

the peptide to the lipid fraction. For electroformation, this is the dried lipid film, while

for eDICE, this is the lipid-in-oil dispersion. Due to its hydrophobic nature, the peptide

is expected to spontaneously integrate into the lipid bilayer during GUV formation.

However, this has not yet been demonstrated using eDICE. First, we validated the correct

integration of the peptides into electroformed GUVs by assessing the two functional-

izations. Since the peptide inserts randomly oriented as the bilayer is molecularly flat,

both functionalizations should be present on either side of the membrane, both in- and

outside the GUV. We confirmed this for both the WALP and SNARE peptide by binding a

fluorescently labelled DBCO and streptavidin group, respectively, to the azide and biotin

group of the peptide, from the outside. Clear membrane localization was observed for

electroformed GUVs for both peptides (Figure 6.3).

Next, we sought to confirm peptide integration into the GUV membrane using eDICE.

Simultaneously, this allowed us to confirm binding from the inside of the GUV, which is

challenging with electroformation since the inner and outer solutions of the GUVs are

identical, in turn making discerning inside from outside binding impossible. This is not

applicable to eDICE. It is important to note that we had to reduce the peptide amount, as

eDICE requires a large volume of lipid-in-oil dispersion, as it is needed to fill the rotating

chamber. Despite only using a relatively low lipid concentration (i.e., 0.2 mg mL
−1

), the

large volume still meant significant amounts of peptide were needed. Therefore, we

opted to lower the peptide concentration by tenfold. Upon addition of labelled DBCO

in the outside solution, we still observed clear membrane localization (Figure 6.4a, b).

When we then also encapsulated fluorescently labelled streptavidin, we could likewise

observe membrane localization inside the GUV (Figure 6.4a). In a control experiment

without added peptide, no membrane localization could be seen (Figure 6.4c).

These results, combined with earlier successful reconstitution of such peptides into the

lipid bilayer
324,326

, made us confident that the peptides were incorporated as anticipated,
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with both functionalizations available for binding their respective soluble binding part-

ners. The caveat of using eDICE is the necessity of reducing the peptide amount; however,

one could think to explore the possibility of spontaneous insertion of the peptide post

GUV formation; a phenomenon which has been demonstrated previously when lipids

added in solution integrated into preformed GUVs.
329

Figure 6.4 | Incorporation of the membrane-spanning peptides into eDICE GUVs. (a)

Illustration of the DBCO- and biotin-functionalized WALP peptide in GUVs. The peptide randomly

insert into the GUV membrane, resulting in both functionalizations being present on either side of

the membrane. Assessment of WALP peptide incorporation through binding of DBCO-PEG4-5/6-

Carboxyrhodamine 110 to the external surface and encapsulation of streptavidin-Alexa Fluor 488

in the lumen of eDICE GUVs with a 1:170 peptide:lipid ratio. Membrane-localized fluorescence of

the DBCO group and streptavidin confirms successful incorporation of the membrane-spanning

peptide into the GUV membrane. All scale bars indicate 10 µm. (b) Illustration of the DBCO-

and biotin-functionalized SNARE peptide in GUVs. Assessment of SNARE peptide incorporation

through binding of DBCO-PEG4-5/6-Carboxyrhodamine 110 to the external surface of eDICE GUVs

with a 1:170 peptide:lipid ratio. Membrane-localized fluorescence of the DBCO group indicates

successful incorporation of the membrane-spanning peptide into the GUV membrane. Scale bar

indicates 10 µm. (c) Control without the addition of membrane-spanning peptide: upon addition of

DBCO-PEG4-5/6-Carboxyrhodamine 110 and streptavidin-Alexa Fluor 488 to the external surface

of the eDICE GUVs, no membrane localization is observed. All scale bars indicate 10 µm.

6.2.3 DBCO-labelled VCA allows targeting actin polymerisation to the membrane-spanning

peptide

To anchor VCA to the peptide in order to enable nucleation of actin polymerization

on the membrane, we employed copper-free click chemistry. In previous studies
174

,

VCA was usually a�ached to the membrane through binding to nickelated lipids via

its His-tag. For our work, however, we aim to a�ach VCA specifically to the azide of

the membrane-spanning peptide to allow precise spatial control by confinement to the

peptide only. Copper-free click chemistry, known for its compatibility with biological
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systems, facilitates the formation of covalent bonds without the need for a copper

catalyst.
330

In this context, a dibenzocyclooctyne (DBCO) moiety reacts with an azide

group through strain-promoted alkyne azide cycloaddition (SPAAC), resulting in a stable

triazole and covalent bond. This approach is not only biorthogonal and highly specific,

but also e�icient under various aqueous bu�er conditions, demonstrating a rapid reaction

rate. Its versatility and potential applications in synthetic biology make it a valuable

tool. To achieve this specific localization at the membrane-spanning peptide, we devised

DBCO-labeled VCA, ensuring a covalent bond at the desired site.

Two distinct labelling strategies were explored. First, maleimide labelling, targeting

unspecific cysteine residues, provided controlled labelling due to VCA’s singular cysteine

residue. This approach allows site-specific labelling through a thiol-Michael reaction.
331

We were able to label VCA with DBCO-PEG4-maleimide, confirmed by reacting an azide-

PEG2000 and an azide-TAMRA (Figure 6.5a). The binding of azide-PEG2000 increased the

molecular weight of VCA with approximately 2 kDa, resulting in a total molecular weight

of around 19 kDa. On a Coomassie Blue stained gel, this is visible as an upward shi� of

the original protein bands (Figure 6.5a). Azide-TAMRA, on the other hand, fluorescently

labeled VCA, which was confirmed by the appearance of a fluorescent protein band as

viewed on the corresponding brightfield and fluorescent image (Figure 6.5a). Increasing

the incubation time to 12 h made no discernable di�erence, which we a�ribute to the

fast click-chemistry reaction. It is thus possible to label the VCA with a single DBCO

using maleimide chemistry; however, previous work has shown that this labeling renders

the protein inactive
123

. Therefore, while a useful control experiment, maleimide-labelled

VCA is of no use for our final ‘minimal phagocyte’ assay.

As an alternative, we pursued sortase-mediated labelling, enabling covalent a�ach-

ment of a functionalisation at an N-terminal polyglycine sequence. By cleaving the

His-tag of VCA, we exposed this N-terminal polyglycine sequence. Sortase catalyses

transpeptidation, recognizing a short peptide tag (LPETGG), to which a DBCO can be

conjugated. This process forms an acyl intermediate with the threonine, resolving into a

covalent bond between the functionalized peptide and VCA.
332

We were able to show a

successful labeling reaction with VCA using an ATTO 488-labeled peptide, visible as a

molecular weight shi� of approximately 2 kDa and fluorescent labeling of the protein

band on an SDS PAGE gel (Figure 6.5b). Di�erent incubation temperatures (37 °C, room

temperature, and 4 °C) and times (2 h, 4 h, and 18 h, respectively) led to no apparent

improvement of sortase-labeling e�iciency. Labeling of VCA with a DBCO-group was

initially not achieved due to inactivity of the custom-synthesised DBCO-LPETGG, as was

confirmed by Peptide Specialty Laboratories GmbH
1
. However, preliminary results of

sortase-mediated labeling of VCA with a resynthetised DBCO-LPETGG peptide indicate

succesfull labeling of VCA, resulting in DBCO-labelled VCA (Figure 6.9).

1
Personal communication with Peptide Specialty Laboratories GmbH.
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Figure 6.5 | SDS PAGE gel analysis of VCA labelling with maleimide and sortase. (a) SDS-

PAGE gel showing the labeling reaction of VCA with DBCO-PEG4-maleimide, assessed through

click chemistry reactions with azide-PEG2000 and azide-TAMRA. Both reactions were incubated for

12 h before being run on a SDS PAGE gel, alongside a protein ladder and control samples. Coomassie

Blue staining (le�) shows a small molecular weight shi� of 2 kDa in VCA, indicating successful

conjugation of azide-PEG2000 to the DBCO-labelled VCA (black do�ed box). The corresponding

brightfield and fluorescence image (right) shows fluorescently labeled VCA (white do�ed box),

confirming successful conjugation of azide-TAMRA to the DBCO-labeled VCA. Excess, unreacted

azide-TAMRA is visible in the right image at approximately 10 kDa. (b) SDS PAGE gel showing

the labelling reaction of VCA with ATTO 488-LPETGG via sortase-mediated labelling. Multiple

labelling reactions were incubated at di�erent temperatures (37 °C, room temperature, and 4 °C)

and stopped at various timepoints (2 h, 4 h, and 18 h, respectively) before being run on an SDS

PAGE gel, alongside a protein ladder and control samples. Coomassie Blue staining (le�) shows

a small molecular weight shi� of 2 kDa in VCA (black do�ed box), a�ributed to the successful

conjugation of the ATTO 488-peptide to VCA. The corresponding brightfield and fluorescence gel

imager image (right) confirms the presence of fluorescently labelled VCA (white do�ed box), further

indicating successful labelling. Excess, unreacted ATTO 488-peptide is visible in the right image at

approximately 10 kDA.
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6.2.4 Microfluidic GUV traps allow prolonged imaging and e�icient bu�er exchange

To allow for prolonged fluorescence imaging, studying multiple GUVs in parallel, and

to facilitate e�icient bu�er exchange, we utilized microfluidic GUV traps introduced

by Wang et al.317
. Microfluidic systems provide e�ective control over micrometer-scale

objects such as cells or GUVs while o�ering precise control over environmental conditions

due to laminar flow inside the chip.
66,333

Consequently, they are considered a reliable

experimental tool o�en employed in biology.
164,334

The PDMS microfluidic chip as designed by Wang et al.317
enables spatial confinement

of single GUVs by trapping them in between two PDMS posts and is designed to trap as

many GUVs in parallel as possible. The design consists of two distinct channels, each

housing an array of 352 individual traps capable of capturing a single GUV (Figure 6.6a).

Furthermore, the chip features progressively narrowing trap posts along the horizontal

axis. In the first quadrant, trap posts have an 8 µm spacing, which transitions to openings

of 6, 4.5, and 3 µm in subsequent quadrants (Figure 6.6b). This arrangement allows for

the capture of smaller vesicles downstream that might escape the wider traps initially,

thereby increasing the overall trapping e�iciency. An angular separation of 12° between

the individual traps further ensures e�icient trapping of multiple GUVs in parallel

(Figure 6.6b).

Using these traps, we e�iciently captured both single GUVs (Figure 6.6c) and multiple

GUVs simultaneously (Figure 6.6d). We observed instances where multiple GUVs were

trapped in a single trap (Figure 6.6d) or the traps were covered in lipid debris. We found

these issues could be mitigated by finely tuning the density of GUVs. Moreover, the

large number (704) of traps, allows us to select single, clean GUVs of preferred sizes,

thereby essentially circumventing the issues stated above.

One of the main advantages of using such microfluidic chips is the option to quickly and

e�iciently exchange the surrounding bu�er. This feature is particularly valuable when

working with electroformed GUVs, where the composition of the inner and outer solution

is identical. We were able to successfully exchange the surrounding bu�er e�iciently,

without losing the trapped GUVs in the process (Figure 6.6d). This procedure proved to

be quick and straightforward.

Given the high cost high cost and labor-intensive nature of producing silicon wafers and

to alleviate stress on the wafer by repeated use, we opted to replicate the wafer using

replica molding. This technique is known for preserving the design of the original wafer

at the length scale we employed, at no significant loss of quality.
335

We recreated the

original silicon wafer by casting a PDSM master in clear epoxy. The resulting PDMS

microfluidic chips exhibited no discernible di�erences from those made directly from

the silicon wafer.

6.2.5 Polystyrene beads can serve as a synthetic external object to be engulfed

To replicate the external object in phagocytosis, we devised a minimal system where the

object is mimicked by binding of an external bead, thus essentially recreating the in vivo
receptor-mediated binding through a biotin-streptavidin interaction. The membrane-
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spanning peptide is functionalized with biotin at one end, facilitating its binding to a

streptavidin-coated bead. Although the binding of beads to giant unilamellar vesicles

(GUVs) has been previously explored, it has been in vastly di�erent contexts. A com-

mon biophysical assay involves pulling membrane tubes from GUVs stabilized with a

micropipe�e, focusing on membrane curvature and protein studies.
75,336

Figure 6.6 | Microfluidic GUV traps enable studying GUVs in parallel. (a) Schematic illustra-

tion of the microfluidic chip design for trapping single GUVs. Bu�er solutions can be introduced

through the inlet and withdrawn via the outlet under a continuous flow. The chip consists of two

distinct channels, each housing an array of 352 individual traps. (b) Brightfield image of an array

of GUV traps inside the microfluidic chip. GUV trap openings vary along the horizontal axis of

the chip, transitioning gradually to narrower sizes (8 µm - 6 µm - 4.5 µm - 3 µm), thus optimizing

trapping e�iciency as smaller vesicles pass by initial traps but get captured further downstream. The

traps are angularly separated by 12°, enhancing overall trapping e�iciency. Scale bar indicates 10 µm.

(c) Brightfield image of a single GUV (red, 0.1 mol% ATTO 655-DOPE membrane stain) spatially

confined within a GUV trap by maintaining a constant flow, the GUV is securely positioned within

the trap, allowing extended imaging and bu�er exchange. Scale bar indicates 10 µm. (d) Brightfield

image of multiple GUVs (red, 0.1 mol% ATTO 655-DOPE membrane stain) encapsulating G-actin

(green, Alexa Fluor 488-labeled actin) can be simultaneously trapped, demonstrating the system’s

e�iciency. The surrounding bu�er was exchanged with a plain bu�er, e�ectively washing away any

inner solution present in the surrounding medium. Scale bar indicates 10 µm.

In our experiments, when streptavidin-coated beads were incubated with biotinylated

GUVs (1 mol% DSPE-PEG2000-biotin), clear binding of the bead to the GUV membrane

was observed (Figure 6.7a). By titrating the bead concentration, we were able to bind

single beads to single GUVs. The success of binding was assessed through visual moni-

toring over extended periods. A mobile bead on the GUV surface indicated successful

binding, whereas a dri�ing bead due to Brownian motion indicated a lack of binding.

Next, we a�empted the same approach using GUVs with a 1:170 peptide:lipid ratio in

the membrane (Figure 6.7b). Surprisingly, binding was not observed (Figure 6.7c). One

straightforward explanation could be the lower relative concentration of the membrane-

spanning peptide compared to biotinylated lipids. With only 50 % of the peptide oriented

correctly, there was a threefold lower amount of reactive peptide when compared to the

amount of available biotinylated lipids. However, in previous studies on pulling mem-
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brane tubes, concentrations of biotinylated lipids lower than 1 mol%
337–339

, some as low

as 0.01 mol% were used
340

. This indicates the used concentration range should be su�i-

cient to allow robust binding. Interestingly, all biotinylated lipids used in those studies

contained a PEG2000 spacer, which has a length of 12.5 nm.
341

This spacer likely reduces

steric hindrance, making the group more available to binding partners and thereby also

reducing any electrostatic interactions of the membrane with the streptavidin-coated

beads, leading to an improved binding e�iciency. Since the membrane-spanning peptide

only has a three glycine linker, this is likely to negatively impact the e�iciency of the

biotin-streptavidin interaction.

Figure 6.7 | Binding of streptavidin-coated beads to GUVs. (a) Brightfield image of a single GUV

(red, 0.1 mol% ATTO 655-DOPE membrane stain) containing 1 mol% DSPE-PEG2000-biotin binding

to 1 µm fluorescent streptavidin-coated beads. The beads were diluted 1:4000 upon incubation with

GUVs, resulting in approximately one bead binding per GUV. Binding of streptavidin-coated beads

to GUVs containing biotinylated lipids was assessed by visual monitoring of the membrane and bead

for extended times. Scale bars indicate 10 µm. (b) Illustration of the binding of streptavidin-coated

beads to GUVs containing the membrane-spanning peptide. Binding will only occur to the peptides

with the biotin group pointing outward. (c) No apparent binding of fluorescent streptavidin-coated

beads to GUVs could be observed when the peptide was added at a 1:170 peptide:lipid ratio. Scale

bar indicates 10 µm.

Notably, one study mentioned that the addition of PBS to the bu�er was necessary for

robust binding of the bead to the GUVs.
342

Unsurprisingly, all mentioned research used

such bu�ered solutions. Therefore, using a higher ratio of beads to GUVs, an increased

concentration of peptide, adding a PEG spacer, and carefully tuning bu�er conditions

will likely enhance the e�iciency of bead binding to GUVs. It is worth noting that current

actin encapsulation protocols with eDICE routinely incorporate a small percentage of

PEGylated lipids, as it has been shown to improve encapsulation e�iciency.
157

It is

important to consider this when designing further experiments, as a PEG brush could

potentially hinder successful binding.

6.2.6 GUV-GUV contact assay shows upconcentration of membrane-spanning peptide

As a first experiment toward the integration of di�erent building blocks, we aimed

to conduct a GUV contact assay in which two GUVs containing the labelled SNARE

peptide are brought into close proximity in the presence of streptavidin (Figure 6.8a).

Since streptavidin binds to the biotinylated side of the SNARE peptide, it can a�ach

to the outside of the GUVs. However, upon contact between two di�erent GUVs, it is

expected that the presence of streptavidin will lead to a local upconcentration of the

SNARE peptide and to colocalization of both at the contact site. This experiment serves
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as a simple proof-of-principle, demonstrating that an external trigger, such as the local

binding of streptavidin, can result in an internal e�ect - specifically, local clustering

of the SNARE peptide at the binding site of streptavidin. This represents a simplified

version of the final working mechanism we have envisioned for the ‘minimal phagocyte’.

Upon adding streptavidin to electroformed GUVs containing the labelled SNARE peptide,

we indeed observed colocalization and local upconcentration at the contact site between

two GUVs (Figure 6.8b).

Figure 6.8 | Colocalisation of the membrane-spanning peptide with streptavidin at the
binding site between GUVs. (a) Illustration depicting the binding of streptavidin to GUVs contain-

ing the fluorescently labeled membrane-spanning peptide. Colocalisation and local upconcentration

of both streptavidin and the membrane-spanning peptide are expected at the contact site between

two GUVs. (b) Streptavidin Alexa Fluor 488 (green; 0.5 µM) was added to GUVs containing ATTO655-

labelled peptide (red; 1:170 peptide:lipid ratio), showing colocalisation at contact sites between

GUVs, indicating a localisation and local upconcentration of the membrane-spanning peptide to the

external binding site of streptavidin. GUVs are delineated by do�ed circles for improved visibility.

Scale bars indicate 10 µm.

6.3 Outlook
In this chapter, we have laid the groundwork for the development of the ‘minimal phago-

cyte’, a reconstituted system designed to facilitate the study of membrane rearrange-

ments through cytoskeletal remodelling, specifically in phagocytosis. We introduced

the essential components necessary for such a system, including a membrane-spanning

linker, DBCO-labelled VCA, microfluidic GUV traps, and external beads. As a step

toward integrating these various building blocks into a single unit, we conducted a

proof-of-principle assay, showing peptide clustering.

The observed peptide clustering in the GUV-GUV contact assay could have implications

beyond the field of synthetic biology and the ‘minimal phagocyte’, as it demonstrates a

synthetic system replicating receptor clustering, resembling for example the immune

synapse. To further confirm the obtained results, it would be beneficial to titrate the

concentration of the labelled SNARE peptide. Additionally, real-time observation of

clustering dynamics would provide valuable insights. This could be achieved, for example,

with optical tweezers and a micropipe�e for fine spatial control over GUVs and real-time

monitoring. Alternatively, GUV traps could be designed to be larger, able to trap multiple

GUVs. By first trapping GUVs and only then adding streptavidin-coated GUVs, it would

be possible to study the contact in real-time via fluorescence readout. These results

form a solid starting point for further integration of the aforementioned building blocks

comprising the ‘minimal phagocyte’.
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Future work will involve extending this proof-of-principle in a stepwise fashion toward the

‘minimal phagocyte’. For instance, preliminary experiments could assess if a membrane-

bound particle can serve as a sca�old for actin-driven membrane invagination. This could

be achieved by binding an external bead to the GUVs via biotin-mediated interactions

while nucleating the actin cortex to the membrane using nickelated lipids. Previous

studies have shown that in cells with an impaired cytoskeleton, no uptake is observed
343

,

whereas in GUVs containing a minimal cytoskeleton, membrane deformations do oc-

cur
256

. GUVs have been shown to wrap around particles when tuning adhesion strength

to be su�iciently high, showing a delicate interplay between membrane tension and

adhesion strength.
344,345

Since in phagocytosis, tension is at first high and adhesion

only relatively low, combining both approaches would provide valuable insights in the

role of the cytoskeleton in engulfment. From there, the membrane-spanning linker could

be employed to spatially localize actin polymerization to the site of binding, addressing

the question of whether directed actin polymerization alone is su�icient to drive particle

engulfment. Subsequent experiments could then for example explore the role of myosin

II, known for its involvement in the closure of the phagocytic cup.
346

The experimental platform could find use in a myriad of application, o�ering numerous

possibilities to further our understanding. For example, recent studies have tried to

uncover e�ects of surface morphology, dependent on protein coverage, on phagocyto-

sis.
347

Additionally, exploring the influence of shape, size, and adhesion strength was

addressed in some earlier studies.
344,345,348,349

Other studies have focused on forces,

using deformable microparticles (DAAM-particles) as cellular stress sensors, providing a

simple and versatile method for force sensing.
316

This approach enables the study of

subcellular mechanical behaviour during cell–target interactions.
350

Furthermore, recent

work has explored the localization of actin polymerization to the membrane through

phase separation
351

and synthetic protein-based anchoring
352

. These ideas present

interesting avenues to explore within our minimal system.

If the final ‘minimal phagocyte’ is successfully realized, it would then also function as a

synthetic transmembrane receptor; especially relevant given the challenges associated

with reconstituting membrane proteins. Recently endeavours established transmem-

brane signalling through a synthetic receptor, achieving enzyme activation
353

and intra-

cellular transcription
354

. Other e�orts have explored membrane-spanning DNA origami

signaling units as synthetic receptors.
355

Involving the actin cytoskeleton in a synthetic

transmembrane receptor, however, has not been demonstrated to date.

In conclusion, our gained expertise, combined with expertise available in the literature,

yields a specialized toolbox containing all elements needed to strip the complex phago-

cytotic process to its minimal set of components. This ‘minimal phagocyt’ toolbox serves

as a framework for development of a valuable experimental platform o�ering legion

opportunities to further elucidate the hitherto unknown roles of the cytoskeleton in

phagocytosis. Ultimately, this approach will shed light on unresolved biophysical ques-

tions, providing fundamental insights into the mechanics of phagocytosis and answering

basic questions, such as if a minimal actin cytoskeleton is su�icient to drive engulfment.
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6.4 Methods
6.4.1 Membrane-spanning peptide

WALP peptide

The WALP peptide was ordered from Peptide Specialty Laboratories GmbH and had

the following sequence: K(azide)-GGGWWLALALALALALALALALWWGGG-K(biotin).

The sequence consists of WALP23, which contains 8 ‘L’ repeats and is flanked by two

tryptophan (W) residues on either side. An additional three-glycine linker was added on

both sides, ensuring protrusion of both functionalisations, which were added though

labelling to a lysine (K) residue.

SNARE peptide

The SNARE peptide was designed by Kristina A. Ganzinger based on a previous se-

quence by Lygina et al.326
. and was synthesised by the core facility at the Max Planck

Institute for Biochemistry in Martinsried, Germany. It had the following sequence:

azide-PEG4-KKKKTSFYVIIIILIIACIVGLIIMMWKKK-PEG4-biotin. Additionally, a flu-

orescently labelled peptide was used with the following sequence: ATTO 655-PEG4-

KKKKTSFYVIIIILIIACIVGLIIMMWKKK-PEG4-biotin.

6.4.2 GUV formation

Electroformation

Electroformation was performed in custom-made polytetrafluoroethylene (PTFE) cham-

bers with two platinum electrodes spaced 4 mm apart.
356

The chambers and electrodes

were cleaned via sonication before use. First, they were sonicated in chloroform (Uvasol,

Sigma-Aldrich) for 20 min, followed by sonication in ethanol (Uvasol, Sigma-Aldrich) for

20 min, and finally they were dried under nitrogen flow. Lipids and membrane-spanning

peptide were mixed at the desired ratio to a final concentration of 1 mg mL
−1

in chloro-

form and were stored at -20 °C until use. To form a lipid film, 3 µL of the lipid mixture

was spread evenly onto each electrode and subsequently dried for 30 min in a vacuum

desiccator. The electroformation chamber was then filled with 350 µL of a 300 mM su-

crose solution and closed by screwing on the cap with the electrodes. Next, the chamber

was connected to a function generator (Rigol DG1032Z) using custom-made connectors.

For GUV formation, a sinus wave at a voltage of 2 V (RMS) and a frequency of 10 Hz

was applied for 1.5 h, followed by a GUV detachment step at a lowered frequency of 2

Hz for 45 min. The formed GUVs were transferred to a glass observation chamber that

was passivated using 1 mg mL
−1

beta-casein (C6905, Sigma-Aldrich) in Milli-Q water

for imaging. GUVs were diluted in an iso-osmolar solution of phosphate-bu�ered saline

bu�er (PBS bu�er) of which the osmolarity was adjusted using glucose as needed.

eDICE

The protocol of eDICE was similar to the cDICE protocol previously described in Van de

Cauter et al.157
(see Chapter 3). When using the membrane-spanning peptide, it was

added to the lipids at the desired ratio. The lipid-in-oil dispersion was then made as

described before, using 50 µL of chloroform and 400 µL of decane (99+ %, pure, Acros

Organics) as organic solvents to rehydrate the dried lipid film inside a glovebox. The inner
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solution contained 6.5 % v/v OptiPrep™ as compared to the higher concentration of 18.5

% v/v OptiPrep™ described in Chapter 3.
174

Omi�ing the capillary led to the following

changes in the workflow: first, the rotation chamber was filled with 700 µL of the outer

solution, followed by 5 mL of the lipid-in-oil dispersion. Next, 1 mL of the remaining

lipid-in-oil dispersion was transferred to a 2 mL Eppendorf tube. Emulsification of 40 µL

of inner solution in this 1 mL of lipid-in-oil dispersion was then achieved by scraping the

Eppendorf tube vigorously across a tube rack for a total of 13 times. Finally, the resulting

emulsion was carefully pipe�ed into the spinning rotation chamber and le� to spin for a

total of 3 minutes.

Image acquisition

50 µL of the GUV solution was deposited on a custom-made glass coverslip and covered.

Confocal images were acquired using a Nikon A1R-MP confocal microscope, using a Plan

APO IR 60x water immersion objective. The 561 nm (laser power 10.0) and 488 nm (laser

power ranging from 1.0 to 5.0) laser lines were used in combination with the appropriate

emission filters to image the ATTO 655-labeled SNARE peptide and streptavidin-Alexa

Fluor 488 and DBCO-PEG4-5/6-Carboxyrhodamine 110, respectively.

6.4.3 Assessment of incorporation of membrane-spanning peptide in GUVs

Streptavidin Alexa Fluor 568 conjugate (S11226, Fisher Scientific), streptavidin Alexa Fluor

488 conjugate (S11223, Fisher Scientific), or dibenzocyclooctyne-poly(ethylene)glycol4-

5/6-Carboxyrhodamine 110 (DBCO-PEG4-5/6-Carboxyrhodamine 110; CLK-A127-1, Jena

Bioscience) was added at final concentrations ranging from 0.1 µM to 10 µM in the

outer solution of the GUVs to assess incorporation of the membrane-spanning peptide in

GUVs. For electroformation GUVs, the outer solution consisted of osmolarity-adjusted

PBS bu�er, while for eDICE the outer solution consisted of a glucose-solution.

6.4.4 Expression and purification of N-WASP VCA

The 10x His-tagged VCA domain (Verprolin-rich, Central and Acidic regions) of murine

N-WASP (amino acids 400-501) was expressed in a 1 L culture of BL21 (DE3) competent E.
coli cells and induced with 1 mM isopropyl beta-D-1-thiogalactopyranoside (IPTG). Cells

were grown overnight at 20 °C before lysing via sonication. The cell lysate was purified

using His-tag purification using a His Trap FF Crude (5 mL) column (GE Healthcare) using

the ÄKTA pure protein purification system. All protein containing fractions were then

combined for anion exchange chromatography using a MonoQ 5/50 GL (1mL) column

(GE Healthcare). Next, the 10x His-tag was cleaved using presission protease to make

the protein available for sortase-mediated labelling. A�er subsequent His-tag purifica-

tion, the protein was unconcentrated and bu�er exchanged to storage bu�er (20 mM

tris(hydroxymethyl)aminomethane (TRIS) pH 8.0, 0.5 mM ethylenediaminetetraacetic

acid (EDTA) pH 9.0, 5 % v/v glycerol, 1 mM tris(2-carboxyethyl)phosphine (TCEP)).
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6.4.5 Labeling of N-WASP VCA

Random cysteine labelling

VCA was functionalised with DBCO-PEG4-maleimide (760676, Sigma-Aldrich). The

label was used in tenfold excess and the mixture was incubated for 12 h at 4 °C. Azide-

PEG2000 (689807, Sigma-Aldrich) and azide-TAMRA (760757, Sigma-Aldrich) were added

in fortyfold excess before all samples were analysed on an SDS PAGE gel.

Sortase-mediated labelling

N-terminally DBCO- and ATTO 488-conjugated peptides with sequence LPETGG were

synthetised by Peptide Speciality Laboratories GmbH. Sortase was expressed and purified

as described in Freiburger et al.357
, while sortase-mediated labelling was performed as

described in Theile et al.332
. A single test reaction contained 50 µM VCA, 100 µM sortase,

and 500 mM of peptide and was performed in bu�er containing 10 mM calcium chloride

(CaCl2) and 100 mM sodium hydrogencarbonate (NaHCO3). The mixture and was le� to

incubate for various amount of time before quenching the reaction using 20 mM EDTA

and analysing all samples on an SDS PAGE gel.

6.4.6 Microfluidic chip fabrication

The silicon wafer with GUV trap design was made previously using so� lithography

by Wang et al.317
. To make the microfluidic chips, polydimethylsiloxane (PDMS) base

and curing agent (SYLGARD™ 184 Silicone Elastomer Kit, Dow) were mixed at a 10:1

weight ratio using a Thinky ARE-250 mixer (2 x 2 min at 2000 rpm) and poured onto the

wafer in a glass petri dish to a thickness of 4 mm. Next, the mixture was degassed for

45 min in a vacuum dessicator a�er which the PDMS was cured at 80 °C for 2 h. The

cured PDMS was peeled o� the wafer, cut into individual chips and a fluid inlet and

outlet were punched with a 4 mm and 0.75 mm diameter biopsy hole puncher (World

Precision Instruments Germany), respectively. Individual microfluidic chips were sealed

by plasma bonding to glass coverslips (24 x 60 mm # 1.5 spezial, Menzel-Gläser) using

a plasma cleaner (45 s at 0.3 Torr; PDC-002-HPCE, Harrick Plasma) and bonding was

completed by baking the chips at 80 °C for 30 min. Before use, each chip was coated

with 1 % w/v Pluronic F-127 (Sigma-Aldrich) in PBS bu�er using centrifugation (10 min

at 900 G). To operate the chip and exchange bu�ers, the outlet of the chip was connected

to a syringe pump (Nemesys S, CETONI) via a stainless steel 90° bent PDMS coupler

(PN-BEN-20G-20, Darwin Microfluidics), tubing (Adtech PTFE Tubing BIOBLOCK/05

(PTFE Tubing 0.3mm ID x 0.76mm OD), Fisher Scientific), and syringe (250 µL precision

glass syringe Nemesys S, CETONI). The syringe pump was operated at negative flow

rates of 1 – 10 µL h
−1

. Initial tests of the microfluidic chips were done using GUVs made

using cDICE, see Chapter 3.

6.4.7 Replica moulding using epoxy

Epoxy moulds were made through replica moulding. Epoxy resin and hardener (EasyCast

clear casting epoxy) were mixed in a 1:1 volume ratio using a Thinky ARE-250 mixer (2 x 2

min at 2000 rpm) and poured onto the PDMS master in a silicon mould (Silicone moulds

SF029, Silkomart). Next, the mixture was degassed for 45 min in a vacuum desiccator
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a�er which the epoxy was cured at room temperature for 24 h. The PDMS master was

then peeled from the mould and discarded. The epoxy mould was placed in a petri dish

and silanised using chlorotrimethylsilane (TMCS; 92361, Sigma-Aldrich) by adding 4 –

5 drops on to the mould before sealing the petri dish. A�er incubating for 15 min, the

remaining TMCS was le� to evaporate for 10 min. Microfluidic chips from the epoxy

mould were prepared as described above, with the exception that the PDMS was cured

for 1 h at 65 °C instead of 80 °C.

6.4.8 Streptavidin-coated beads

Fluorescent streptavidin-coated polymer microspheres (1 µm diameter; CFDG004, Sanbio)

were tenfold diluted in PBS bu�er and washed three times for 10 min at 10.000 rpm. The

beads were then further diluted to a final concentration of 1:4000 when used with GUVs.

Electroformed GUVs contained 99 mol% 18:1 1,2-dioleoyl-sn-glycero-3-phophocholine

(DOPC, Avanti Polar Lipids), 0.05 mol% ATTO 655 labeled 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE, ATTO-TEC), and 1 mol% 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG(2000)-biotin,

Avanti Polar Lipids). Binding of streptavidin-coated beads to GUVs containing either

biotinylated lipids or biotin-functionalised membrane-spanning peptide was assessed by

visual monitoring of the membrane and bead for extended times.

6.4.9 GUV-GUV contact assay

GUVs were formed via electroformation using a lipid mixture consisting of 100 mol%

DOPC and ATTO 655-labeled SNARE peptide in a 1:170 peptide:lipid ratio. Following

GUV formation, 0.5 µM streptavidin Alexa Fluor 488 was added and the mixture was

le� to incubate for a period of 15 min in which spontaneous formation of contact sites

between di�erent GUVs occurred.
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6.6 Appendix

Figure 6.9 | SDS PAGE gel analysis of VCA labelling with sortase. SDS PAGE gel showing

the labelling reaction of VCA with DBCO-LPETGG via sortase-mediated labelling. Before use, the

peptide was incubated with azide-PEG2000 in a 1:1 ratio for 12 h at room temperature. Multiple

labelling reactions were incubated at di�erent temperatures (room temperature and 4 °C) and

stopped a�er a 6 h incubation period before being run on an SDS PAGE gel, alongside a protein

ladder and control samples. Coomassie Blue staining shows a molecular weight shi� of ∼ 2 kDa

for VCA (black do�ed box), a�ributed to the successful conjugation of the LPETGG-DBCO-azide-

PEG2000 to VCA.
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A perspective on the future

Throughout this thesis, our focus has been twofold. In Part ii, we expanded on existing

GUV research by optimizing the GUV production method called cDICE, while also

revealing the complex processes underlying GUV formation in cDICE through the use

of a custom-built high-speed microscope. The insights gained enabled us to review the

wide range of GUV formation methods within the field, pinpointing cDICE’s unique

position in the GUV methods landscape. In Part iii, armed with this knowledge, we

introduced a novel bo�om-up synthetic biology approach to studying phagocytosis and

presented all components needed to reconstitute the process in a minimal system, the

‘minimal phagocyte’.

GUVs play a central role in synthetic biology, serving not only as model membrane

systems for biophysical characterization but also as a ’container’ for synthetic-like cells.

Our exploration of the various factors relevant for high-quality GUV formation and

encapsulation e�iciency in cDICE resulted in a more reproducible workflow. This we

demonstrated by showcasing its workability across di�erent labs, achieved through

reciprocal sharing of expertise. By embracing and actively pursuing such an open science

approach, cDICE, and its more recent successor eDICE, have since found their use within

the field, proving our e�orts toward a standardized protocol have not gone unnoticed.

The follow-up study, in which we aimed to further our understanding of the physical

principles of GUV formation in cDICE, led to somewhat surprising, yet significant results.

High-speed imaging allowed us to reveal the di�erent steps of GUV formation and the

influence of protein of these processes, li�ing the veil on what was essentially a black

box. This is a first step toward more knowledge-based optimization of cDICE and other

emulsion-based methods in the future, a prerequisite for the standardization of GUV

production protocols.

113
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A key aspect of our work was the multidisciplinary approach we pursued. By seeking

perspectives beyond the experimentalist’s one, specifically by including fluid dynamics,

omnipresent in the biological world
358

, we tried bridging the existing gap between

experiment and theory. Advocating for such multidisciplinary work, and fostering an

environment where such collaboration finds fertile grounds, will prove crucial for future

advancements.
359–361

Our detailed review of the di�erent GUV fabrication methods available today highlighted

that, while a diverse array of methods may prove beneficial for certain research endeavors,

it presents challenges for others. This is especially exemplified for synthetic cell research,

such as the BaSyC consortium, which tries to build a synthetic cell
67

. This ambitious

endeavor has generated complex questions and puzzles, and while significant progress

has been made in our understanding of the di�erent building blocks, the realization

of an actual synthetic cell remains elusive. It is clear the next steps lies in converging

the existing research and expertise within a single unit, and as the ‘container’ of such a

future synthetic cell arguably forms a quintessential component, decisions regarding

a favorable GUV fabrication method become crucial. Establishing coherence across

methods and encouraging standardized protocols is not only a step in the right direction

for this research but also beneficial for the entire scientific community.

While GUVs form a big chunk of this thesis, they merely serve as a starting point for our

‘minimal phagocyte’, introduced in Part iii. We outlined the first steps toward studying

phagocytosis in a bo�om-up synthetic biology way, thereby circumventing the inherent

complexity of phagocytosis encountered when studying living cells. Since we here only

introduced the necessary parts to reconstitute this process in vitro, it leaves much room

for future research opportunities. Nevertheless, purposely adopting fresh perspective

will undoubtedly yield new insights, a sentiment stretching beyond the realm of science.

While all presented results are merely pieces of a larger puzzle, I aim for them to find

their place within the multidimensional network that is science. I hope they can be a

stepping stone for others to continue their pursuit of knowledge, gain new insights, and

find inspiration. In the words of Elie Metchniko�: For me, it is time to go to the seashore

in order to collect my thoughts.
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