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Nature uses only the longest threads to weave her patterns, so that each
small piece of her fabric reveals the organization of the entire tapestry.

(Richard P. Feynman)

Who knows the ways of the universe? Accident? Or destiny? That is the
secret.

(Master Oogway)





Abstract

The construction of individual synthetic cells has been developed to achieve pro-
cesses ranging from recapitulating cell division to mechanosignalling. Taken a step
further, another promising implementation of synthetic cell research is the construc-
tion of artificial tissues comprising synthetic cells. These artificial tissues have the
potential to form a communication network between the synthetic cells to transmit
and respond to chemical or mechanical signals. In conjunction with natural tissue,
this functioning could support signal transduction and thus aid in creating hybrid sys-
tems that will ultimately influence the fundamental understanding of tissue form and
functioning.

In this thesis, I described the first steps towards building an artificial tissue that
consists of giant unilamellar vesicles (GUVs)-based synthetic cells. In the process of
charge-mediated GUV production, block copolymer surfactants consisting of PEG and
PFPE were used to stabilize water-in-oil droplets that provide the charged scaffold
to generate GUVs in the first place. These polymer-based surfactants have a major
impact on the overall GUV production yield which is currently recognized as the ma-
jor technical challenge in the field. Therefore, the first part of my thesis is dedicated
to comparing different synthesis routes to achieve surfactants with desired properties.
Subsequently, several functional surfactants have been synthesized: 1) a positively
charged surfactant that allows electrostatically-mediated GUV formation; 2) a photo-
liable surfactant, which should enable a light-induced GUV release from water-in-oil
droplet templates; and 3) a fluorescent surfactant for labeling the surfactant layer.

In the second part of this thesis, I focused on introducing biomimetic interactions
between GUVs as well as between GUVs and natural cells. Towards this end, a pH-
mediated generation of GUVs with improved release efficiency was explored. These
GUVs were biofunctionalized and used for the bottom-up assembly of biomimetic cell
adhesion and interaction modules: 1) mimicking epithelial cell interactions through the
implementation of adherens junctions between GUVs via E-cadherin proteins; 2) GUV-
substrate adhesion through the reconstitution of integrins in the GUVs membrane;
and 3) implementation of droplet-based microfluidics for the reconstitution of actin
cytoskeleton within GUVs to move towards linking intercellular mechanical signaling
and synthetic cell mobility for future applications. Additionally, I showed how adherens
junctions and substrate adhesion could be mimicked by DNA-mediated interactions.
Finally, a hybrid system consisting of synthetic and natural cells was constructed and
analyzed with respect to the interaction between GUVs and HEK cells.



Through the use of newly synthesized surfactants, droplet-based microfluidics, and
pH-mediated GUV assembly and their efficient biofunctionalization , I was able for the
first time to build an extensive network of synthetic cells and hybrid cellular system.
This research establishes the foundation for reliable and reproducible production of
large numbers of stable populations of GUV-based synthetic cells with pre-determined
biomimetic functions and represents a substantial step towards building an artificial
tissue. In future, mechanical and biochemical signal transduction can be potentially
enabled by transmembrane linkages to the cytoskeleton, leading to the implementation
of the advanced bioinspired hybrid cellular systems for biomedical applications.



Zusammenfassung

Die Konstruktion einzelner synthetischer Zellen wurde entwickelt, um biologische
Prozesse nachzubauen, die von der Zellteilung bis zur Mechanosignaltransduktion rei-
chen. Ein weiterer interessanter Schritt in der Forschung mit synthetischen Zellen ist der
Aufbau eines künstlichen Gewebes bestehend aus synthetischen Zellen. Dieses künst-
liche Gewebe hat das Potenzial, ein Kommunikationsnetz zwischen den synthetischen
Zellen zu bilden, um chemische oder mechanische Signale zu übertragen und auf äußere
Einflüsse zu reagieren. In Verbindung mit natürlichem Gewebe könnte diese Eigenschaft
die Signaltransduktion unterstützen und so zur Schaffung hybrider Systeme beitragen,
die letztlich das grundlegende Verständnis von Gewebeform und -funktion verbessern
können.

In dieser Arbeit habe ich die ersten Schritte zum Aufbau eines künstlichen Ge-
webes beschrieben, das aus synthetischen Zellen auf der Basis von mikrometergroßen,
unilamellaren Vesikeln (engl. giant unilamellar vesicles, GUVs) besteht. Im Prozess
der ladungsvermittelten GUV-Produktion wurden Blockcopolymer-Tenside, bestehend
aus PEG und PFPE, zur Stabilisierung von Wasser-in-Öl-Tropfen verwendet, die eine
geladene Oberfläche zur Erzeugung von GUVs bilden. Diese polymerbasierten Tenside
haben dadurch einen großen Einfluss auf die Gesamtausbeute der produzierten GUVs,
die derzeit als eine der größten technischen Herausforderungen auf diesem Gebiet gilt.
Daher widmet sich der erste Teil meiner Arbeit dem Vergleich verschiedener Synthese-
wege, um Tenside mit den benötigten Eigenschaften zu erhalten. Anschließend wurden
mehrere funktionelle Tenside synthetisiert: 1) ein positiv geladenes Tensid, das eine
elektrostatisch vermittelte GUV-Bildung ermöglicht; 2) ein photolabiles Tensid, das
eine lichtinduzierte Freisetzung der GUVs aus Wasser-in-Öl-Tröpfenchen zulassen soll;
und 3) ein fluoreszierendes Tensid zur direkten Visualisierung der Tensidschicht.

Im zweiten Teil dieser Arbeit konzentrierte ich mich auf die Einführung biomime-
tischer Interaktionen zwischen GUVs sowie zwischen GUVs und natürlichen Zellen. Zu
diesem Zweck wurde eine pH-vermittelte Erzeugung von GUVs mit verbesserter Freiset-
zungseffizienz untersucht. Diese GUVs wurden biofunktionalisiert und für den Bottom-
up-Aufbau von biomimetischen Zelladhäsions- und Interaktionsmodulen verwendet: 1)
Nachahmung epithelialer Zellinteraktionen durch die Implementierung von Adherens
Junctions zwischen GUVs über E-Cadherin-Proteine; 2) GUV-Substrat-Adhäsion durch
die Rekonstitution von Integrinen in der GUV-Membran; und 3) Implementierung von



tröpfchenbasisierter Mikrofluidik für die Rekonstitution des Aktin-Zytoskeletts inner-
halb von GUVs, um eine Verbindung zwischen interzellulärer, mechanischer Signal-
übertragung und synthetischer Zellmobilität für zukünftige Anwendungen herzustellen.
Darüber hinaus habe ich gezeigt, wie GUV-GUV-Interaktionen und Substratadhäsi-
on durch DNA-vermittelte Wechselwirkungen nachgeahmt werden können. Schließlich
wurde ein Hybridsystem aus synthetischen und natürlichen Zellen konstruiert und im
Hinblick auf die Interaktion zwischen GUVs und HEK-Zellen analysiert.

Im zweiten Teil dieser Arbeit konzentrierte ich mich auf die Einführung biomime-
tischer Interaktionen zwischen GUVs sowie zwischen GUVs und natürlichen Zellen. Zu
diesem Zweck wurde eine pH-vermittelte Erzeugung von GUVs mit verbesserter Freiset-
zungseffizienz untersucht. Diese GUVs wurden biofunktionalisiert und für den Bottom-
up-Aufbau von biomimetischen Zelladhäsions- und Interaktionsmodulen verwendet.
Dazu gehörten: 1) Nachahmung epithelialer Zellinteraktionen durch die Implemen-
tierung von Adherens Junctions zwischen GUVs über E-Cadherin-Proteine; 2) GUV-
Substrat-Adhäsion durch die Rekonstitution von Integrinen in der GUV-Membran; und
3) Implementierung von tröpfchenbasisierter Mikrofluidik für die Rekonstitution des
Aktin-Zytoskeletts innerhalb von GUVs, um eine Verbindung zwischen interzellulärer,
mechanischer Signalübertragung und synthetischer Zellmobilität für zukünftige Anwen-
dungen herzustellen. Darüber hinaus habe ich gezeigt, wie GUV-GUV-Interaktionen
und Substratadhäsion durch DNA-vermittelte Wechselwirkungen nachgeahmt werden
können. Schließlich wurde ein Hybridsystem aus synthetischen und natürlichen Zel-
len konstruiert und im Hinblick auf die Interaktion zwischen GUVs und HEK-Zellen
analysiert.

Durch den Einsatz neuartiger synthetisierter Tenside, tröpfchenbasierter Mikroflui-
dik und pH-vermittelter GUV-Produktion, und ihrer effizienten Biofunktionalisierung
konnte ich zum ersten Mal ein umfangreiches Netzwerk synthetischer Zellen und ein
hybrides Zellsystem aufbauen. Diese Forschungsarbeit bildet die Grundlage für die zu-
verlässige und reproduzierbare Herstellung einer großen Anzahl an synthetischen Zellen
auf Basis von GUVs mit vorbestimmten biomimetischen Funktionen und stellt einen
wesentlichen Schritt auf dem Weg zum Aufbau eines künstlichen Gewebes dar. In Zu-
kunft kann die mechanische und biochemische Signaltransduktion möglicherweise durch
Transmembranverbindungen zum Cytoskelett ermöglicht werden, was zur Umsetzung
fortschrittlicher bioinspirierter hybrider Zellsysteme für biomedizinische Anwendungen
führt.



Table of contents

Abstract

Zusammenfassung

Table of contents i

Acknowledgments v

Acronyms vii

List of Figures xi

1 Introduction 1

1.1 Synthetic cells, the base towards arti�cial life . . . . . . . . . . . . . . . 1

1.2 Adhesion modules in natural cells . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Cell junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.2 Cell-matrix adhesion . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.3 Actin cytoskeleton . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 GUV generation methods . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Lipid �lm formation . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.2 Emulsion transfer . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.3 Water-in-oil droplet-based . . . . . . . . . . . . . . . . . . . . . 7

1.4 Droplet-based micro�uidics . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4.1 Physical background . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4.2 Micro�uidics devices . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 Fluorinated block copolymer surfactants . . . . . . . . . . . . . . . . . 11

1.5.1 Physicochemical properties . . . . . . . . . . . . . . . . . . . . . 11

1.5.2 Synthesis of �uorinated block copolymer surfactants . . . . . . . 12

1.5.3 Charge-mediated GUV formation . . . . . . . . . . . . . . . . . 13

1.5.4 Other surfactants in droplet-based micro�uidics . . . . . . . . . 14

1.6 Synthetic cell modi�cations . . . . . . . . . . . . . . . . . . . . . . . . 14

i



ii TABLE OF CONTENTS

1.6.1 DNA based modules . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Motivation 17

3 Materials and Methods 19

3.1 Instruments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.1 Chemicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.4 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.4.1 Esteri�ed triblock surfactant PFPE 7000-PEG 1500-PFPE 70001 24

3.4.2 Amidated triblock surfactant PFPE 7000-JA 800-PFPE 70002 25

3.4.3 PEG 1500 ditosylate3 . . . . . . . . . . . . . . . . . . . . . . . 26

3.4.4 PEG 1500 diazide4 . . . . . . . . . . . . . . . . . . . . . . . . 27

3.4.5 PFPE 7000 chloride and propargyl PFPE 70005 . . . . . . . . 28

3.4.6 Clicked triblock surfactant PFPE7000-PEG1500-PFPE70006 . 30

3.4.7 PEG 600 ditosylate7 . . . . . . . . . . . . . . . . . . . . . . . . 32

3.4.8 PEG 600 diazide8 . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.4.9 N,N,N-trimethylprop-2-yn-1-aminium bromide9 . . . . . . . . . 34

3.4.10 N3-PEG600-TAB10a . . . . . . . . . . . . . . . . . . . . . . . 35

3.4.11 Positively charged, clicked diblock surfactant PFPE7000-PEG600-

TAB 11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4.12 4-(Azidomethyl)-3-nitrobenzoic acid12 . . . . . . . . . . . . . . 38

3.4.13 PEG 1500 bis(4-(azidomethyl)-3-nitrobenzoate)13 . . . . . . . 39

3.4.14 Photoliable, clicked triblock surfactant PFPE7000-NB-PEG1500-

NB-PFPE700014 . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4.15 Propargyl rhodamine B15 . . . . . . . . . . . . . . . . . . . . . 42

3.4.16 N3-PEG600-RhodB16a . . . . . . . . . . . . . . . . . . . . . . 43

3.4.17 Fluorescent, clicked diblock surfactant PFPE7000-PEG600-RhodB

17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4.18 Other synthesis instructions . . . . . . . . . . . . . . . . . . . . 46

3.5 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.5.1 Analytical methods . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.5.2 Generation of synthetic cells . . . . . . . . . . . . . . . . . . . . 49

3.5.3 Computational methods . . . . . . . . . . . . . . . . . . . . . . 57

4 Results 63

4.1 Synthesis of functional �uorinated block copolymer surfactants . . . . . 63

4.1.1 Comparison of di�erent surfactant synthesis approaches . . . . . 63



TABLE OF CONTENTS iii

4.1.2 Surfactant puri�cation . . . . . . . . . . . . . . . . . . . . . . . 69

4.1.3 Synthesis of functionalized surfactants . . . . . . . . . . . . . . 72

4.2 Synthetic cells adhesion interactions . . . . . . . . . . . . . . . . . . . . 87

4.2.1 pH-mediated construction of negatively charged GUVs . . . . . 87

4.2.2 GUV-GUV interaction . . . . . . . . . . . . . . . . . . . . . . . 92

4.2.3 GUV-substrate adhesion . . . . . . . . . . . . . . . . . . . . . . 98

4.2.4 Reconstitution of actin cytoskeleton . . . . . . . . . . . . . . . . 105

4.2.5 DNA-mediated adhesion in GUV-based synthetic cells . . . . . . 107

4.2.6 Hybrid system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5 Summary and Outlook 117

5.1 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.1.1 Synthesis of functional �uorinated block copolymer surfactants . 117

5.1.2 Synthetic cells adhesion interactions . . . . . . . . . . . . . . . . 120

5.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.2.1 Surfactant modi�cations . . . . . . . . . . . . . . . . . . . . . . 124

5.2.2 Towards arti�cial tissue . . . . . . . . . . . . . . . . . . . . . . 125

6 Appendix I

6.1 Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I

6.1.1 Mass spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . II

6.1.2 NMR spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . IV

6.1.3 Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XVIII

Bibliography XLVII

Scienti�c Contribution LXXV



iv TABLE OF CONTENTS



Acknowledgments

First, I would like to thank my supervisor and mentor Prof. Joachim Spatz for all his

support and guidance over the last years. Especially, I am very thankful for rising my

interest in micro�uidics and synthetic cells. Thank you for giving me the opportunity

to work in this amazing group. I am very grateful for all the o�ered possibilities, the

well-equipped laboratories and the freedom to explore ideas I developed interest in.

Further, I would like to thank Prof. Rainer Dahint for taking his time to review-

ing my doctoral thesis.

I would like to express my gratitude to my daily supervisor, Dr. Ilia Platzman. Look,

without your constant scienti�c support, helpful discussions and the ideas and inspira-

tion you gave, this thesis would not have been possible.

Im Weiteren möchte ich meinen Eltern Annegret und Dietmar danken, die mich von

meinem ersten Chemiebaukasten bis hin zum Abschluss meiner Doktorarbeit immer

und bedingungslos unterstützt haben. Ohne euer Durchhaltevermögen mit mir wäre

das alles nicht möglich gewesen, weshalb ich euch über alles dankbar bin. Auch möchte

ich mich bei meiner Schwester Madlen und meinem Schwager Torsten bedanken für

das Verständnis, dass sie für mich in den stressigen letzten Jahren gehabt haben. Und

natürlich möchte ich meine beiden Nichten Nele und Lara nicht vergessen, die es immer

gescha�t haben, mir ein Lächeln ins Gesicht zu zaubern.

More, I would like to thank my colleagues and collaborators, Dr. Félix Lussier and Dr.

Jacqueline De Lora, for their constant discussion and support. Thank you for being

able to count in your expertise and creativity.

I would also like to thank the students I supervised along the way. You have helped me

to develop new ideas, look at details easily ignored, and reminded me how fascinating

science can be. Anna-Lena, Sarah, Tobias, Dominik, Christina und Luise, thank you.

v



vi Acknowledgments

As well, I would like to thank Jacqueline, Désirée, Andy, Ana, Klaus, Julia and Anas-

tassiya for taking their time for proof reading my thesis. And especially I thank you,

Ana and Andy, for joining the last night proof reading party! Without you, it would

have been very lonely.

I would also like to thank the Spatz group for being amazing. In front of all, I want

to thank our technicians, enabeling the research from the background Carmen, Conny,

Sabine, Raimund, Annette and Felix. Further all my o�ce mates for inspiring dis-

cussion and improving my time at work. Espacially I would like to thank Conny and

Désirée for all their scienti�c and mental support. And all the other members of the

Spatz group. It was a great time with you all and I always look back on it with a smile.

:)

Also, I would like to thank my friends. Sarina, Klaus, Tobi and Christoph, who made

my chemistry studies incredibly better. Chrissy, David, Fabsch and Manu, who make

my life a bit more colorful. Simon and Sophie, for sharing the same board game en-

thusiasms. And all the other, I am so grateful that you exist and for your support.

A special thanks goes to my underwater hockey team from TCO Weinheim, which

helps me to keep the balance between work and life, even if it's not always that easy.

Last but not least, I would like to thank the Max Planck Society and in special the

Max Planck Institute for Medical Research. Without the administrative and scienti�c

support, the daily research life would be much harder. In particular, I would like to

thank Dr. Sebastian Fabritz and Ulrike Mersdorf for their support.



Acronyms

n-BuLi n-butyllithium.

pTsCl p-toluenesulfonyl chloride.

AB actin bu�er.

ADP adenosine diphosphate.

Alox aluminium oxide.

AMP adenosine 5'-monophosphate.

ANBA 4-azidomethyl-3-nitrobenzoic acid.

APB actin polymerization bu�er.

APTMS (3-Aminopropyl)trimethoxysilane.

ATP adenosine triphosphate.

ATR attenuated total re�ection.

aTS amidated triblock surfactant.

BCML block copolymer micelle nanolithography.

BEP 2-bromo-1-ethyl-pyridinium tetra�uorobo-

rate.

BNBA 4-bromomethyl-3-nitrobenzoic acid.

brine saturated sodium chloride solution.

BSA bovine serum albumin.

cDICE continuous droplet interface crossing encapsu-

lation.

CMC critical micelle concentration.

CS commercially available surfactant.

cTS clicked triblock surfactant.

CuAAC copper(I)-catalyzed azide-alkyne cycloaddi-

tion.

DCM dichlormethane.

vii



viii Acronyms

DGS 1,2-dioleoyl-sn-glycero-3-succinate.

DIPEA N,N -diisopropylethylamine.

DLS dynamic light scattering.

DMAP 4-(dimethylamino)pyridine.

DMEM Dulbecco's modi�ed Eagle's medium.

DMF dimethylformamide.

DNA deoxyribonucleic acid.

DOBAQ N-(4-carboxybenzyl)-N,N-dimethyl-2,3-bis-

(oleoyloxy)propan-1-aminium.

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine.

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanol-

amine.

DOPG 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-

glycerol).

DOPS 1,2-dioleoyl-sn-glycero-3-phospho-L-serine.

DOTAP 1,2-dioleoyl-3-trimethylammonium-propane.

dsGUV droplet-stabilized giant unilamellar vesicles.

ECM extracellular matrix.

EDC HCl 1-ethyl-3-(3-dimethylaminopropyl)carbodi-

imide hydrochloride.

eDICE emulsion droplet interface crossing encapsula-

tion.

EDTA ethylenediaminetetraacetic acid.

ESI electrospray ionization.

eTS esteri�ed triblock surfactant.

F-actin �lamentous actin.

FBS fetal bovine serum.

�uoDS �uorescent diblock surfactant.

FRAP �uorescence recovery after photobleaching.

FRET Förster resonance energy transfer.

FTIR fourier transform infrared spectroscopy.

G-actin globular actin.

GFP green �uorescent protein.

GUV giant unilamellar vesicle.



Acronyms ix

HaCaT cultured human keratinocyte.

HEK human embryonic kidney.

HEPES 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid.

His tag polyhistidine tag.

HLB hydrophilic-lipophilic balance.

IFT interfacial tension.

LB lysogeny broth.

MS mass spectrometry.

NaOH sodium hydroxide.

NASA National Aeronautics and Space Administra-

tion.

NHS N -hydroxysuccinimide.

NMR nuclear magnetic resonance spectroscopy.

NTA nitrilotriacetic acid.

OD optical density.

OLA octanol-assisted liposome assembly.

PBS phosphate-bu�ered saline.

PCA principal component analysis.

PDMS polydimethylsiloxane.

PEG polyethylene glycol.

PFO 1H,1H,2H,2H-per�uoro-1-octanol.

PFPE per�uoropolyether.

PLL poly-L-lysine.

plTS photoliable triblock surfactant.

PNIPAM poly(N-isopropylacrylamide).

posDS positively-charged diblock surfactant.

PURE protein synthesis using recombinant elements.

PVA polyvinyl alcohol.

SEC size-exclusion chromatography.

SM sphingomyelin.



x Acronyms

SNARE soluble N-ethylmaleimide-sensitive-factor at-

tachment receptor.

SPR surface plasmon resonance.

SUV small unilamellar vesicle.

TAB N,N,N-trimethylprop-2-yn-1-aminium bro-

mide.

THF tetrahydrofurane.

TLC thin-layer chromatography.

TMA trimethylamine.

TRI-silane N1-(3-Trimethoxysilylpropyl)diethylenetri-

amine.

Tris tris(hydroxymethyl)aminomethane.

Vertrel 1,1,1,2,3,4,4,5,5,5-deca�uoropentane.

w/o water-in-oil.

w/o/w water-in-oil-in-water.



List of Figures

1.1 Schematic illustration of adherens junctions, gab junctions and tight

junctions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Schematic illustration of inactivated integrin conformation and quater-

nary structural transitions after inside-out signalling or outside-in sig-

nalling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Schematic illustration of dynamic polymerisation and depolymerisation

of actin �laments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Schematic illustration of GUV generation using a lipid �lm, by emulsion

transfer and based on w/o droplet. . . . . . . . . . . . . . . . . . . . . 6

1.5 Schematic illustration of PDMS device productions. . . . . . . . . . . . 9

1.6 Schematic illustration of droplet production device. . . . . . . . . . . . 10

1.7 General chemical structure of a �uorinated triblock copolymer surfactant

consisting of PEG (hydrophilic) and PFPE (hydrophobic). . . . . . . . 11

1.8 Di�erent synthesis routes towards �uorinated triblock copolymer surfac-

tant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.9 Schematic illustration of GUV generation using droplet-based micro�u-

idics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.10 Already established reconstituted cell modules into synthetic cells using

proteins or DNA mimics. . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1 As part of an partition experiment to determine the concentration of

PFPE in surfactants, calibration curves under di�erent conditions where

calculated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2 Stepwise description of the process of constructing GUVs. . . . . . . . . 51

3.3 Stepwise illustration of cell detection in hybrid system experiment. . . . 58

3.4 Stepwise illustration of GUV detection in hybrid system experiment. . . 60

4.1 Three synthesis approaches to synthesize triblock copolymer surfactants

consisting of PEG and PFPE blocks. . . . . . . . . . . . . . . . . . . . 64

4.2 Synthesis route for producing cTS6. . . . . . . . . . . . . . . . . . . . 66

xi



xii LIST OF FIGURES

4.3 Analysis of the the surfactants eTS1, aTS 2 and cTS 6. . . . . . . . . 68

4.4 Analysis of eTS1 and aTS 2 surfactants properties following their pu-

ri�cation with amine functionalized silica gel. . . . . . . . . . . . . . . 71

4.5 Overview of the chemical structures of the functionalized surfactants

synthesized in this thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.6 Synthesis of positively charged diblock surfactant posDS11. . . . . . . 75

4.7 Transfer assay and pendant drop measurements of posDS11. . . . . . . 76

4.8 Representative confocal images of dsGUVs obtained with di�erent sodium

chloride concentration and the released GUVs. . . . . . . . . . . . . . . 77

4.9 Quantitative MS analysis of the lipid composition in process of giant

unilamellar vesicle (GUV) formation. . . . . . . . . . . . . . . . . . . . 78

4.10 Laminin-111 assembly at the periphery of positively charged w/o droplets

prepared via droplet-based micro�uidics. . . . . . . . . . . . . . . . . . 79

4.11 Synthesis of the photoliable triblock surfactant plTS14. . . . . . . . . 80

4.12 Light-induce cleavage mechanism of the PFPE-PEG bond in the photo-

liable triblock surfactant (plTS) 14 and IFT measurements. . . . . . . 82

4.13 Synthesis of the rhodamine B labeled �uorescent surfactant �uorescent

diblock surfactant (�uoDS) 17. . . . . . . . . . . . . . . . . . . . . . . 84

4.14 Representative confocal images and FRAP analysis of droplets stabilized

by 2.5 mM cTS 6 with 5 mol% �uoDS 17. . . . . . . . . . . . . . . . . 85

4.15 Schematic illustration and representative confocal images of the pH-

mediated GUVs formation. . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.16 Zeta potential measurements of vesicles consisting of di�erent lipid com-

position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.17 E�ect of Krytox addition on the pH values within the droplets and

the pH-mediated droplet-stabilized giant unilamellar vesicless (dsGUVs)

formation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.18 Biotin/streptavidin-mediated adherens junction of GUVs. . . . . . . . . 93

4.19 Representative �uorescence confocal images of His-tagged GFP interac-

tions with PEGylated and not PEGylated GUVs and in presence and

absence of nickel(II) ions . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.20 Schematic step-wise representation of GUV functionalization with E-

cadherin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.21 Representative confocal images of E-cadherin-mediated adherens junc-

tion dependence on nickel(II) ions, E-cadherin, and calcium ions. . . . . 97

4.22 Schematic illustration of the complimentary DNA-mediated fusion of

GUVs with integrin-reconstituted proteoliposomes. . . . . . . . . . . . 99



LIST OF FIGURES xiii

4.23 Comparative UV/Vis spectra of SUVs, Triton X-100, and integrin re-

constituted proteoliposomes before and after SEC puri�cation. . . . . . 99

4.24 Zeta potential measurements of di�erently charged SUVs before and

after integrin reconstitution. . . . . . . . . . . . . . . . . . . . . . . . . 100

4.25 SPR measurements of the adhesion of integrin-reconstituted proteolipo-

somes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.26 Schematic representation and representative �uorescence confocal im-

ages of the DNA-mediated vesicle fusion. . . . . . . . . . . . . . . . . . 102

4.27 Representative �uorescence confocal images of XZ plane of the integrin

� IIb � 3 reconstituted GUV adhesion on a �brinogen coated surface and

respective control experiments. . . . . . . . . . . . . . . . . . . . . . . . 104

4.28 Actin cytoskeleton reconstitution within GUV-based synthetic cells. . . 106

4.29 Schematic representation of the DNA-mediated assembly of adherens

junctions between the GUV-based synthetic cells. . . . . . . . . . . . . 108

4.30 Schemes and representative confocal images of DNA-mediated surface

adhesion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.31 Schematic illustration and representative confocal image of the hybrid

system experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.32 Representative confocal images of hybrid system experiment after de-

tecting cell area and GUVs. . . . . . . . . . . . . . . . . . . . . . . . . 112

4.33 Violin plots showing the number and ratio of GUVs and adhesive GUVs

depending on the experimental conditions in the hybrid experiment. . . 114

4.34 PCA of the hybrid system with respect to the dependence of detected

GUVs, adhesive GUVs and cell area on di�erent parameters. . . . . . . 116

5.1 Pendent drop measurements of triblock copolymer surfactant containing

PEG and PFPE of di�erent molecular masses. . . . . . . . . . . . . . . 124

6.1 ESI-MS spectrum of N,N,N-trimethylprop-2-yn-1-aminium bromide9. . II

6.2 ESI-MS spectrum of 4-(azidomethyl)-3-nitrobenzoic acid12. . . . . . . III

6.3 1H-NMR of esteri�ed triblock surfactant PFPE 7000-PEG 1500-PFPE

70001. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV

6.4 1H-NMR of amidated triblock surfactant PFPE 7000-JA 800-PFPE 7000

2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V

6.5 1H-NMR of PEG 1500 ditosylate3. . . . . . . . . . . . . . . . . . . . . VI

6.6 1H-NMR of PEG 1500 diazide4. . . . . . . . . . . . . . . . . . . . . . VII

6.7 1H-NMR of propargyl PFPE 70001. . . . . . . . . . . . . . . . . . . . VIII

6.8 1H-NMR of licked triblock surfactant PFPE7000-PEG1500-PFPE70006. IX

6.9 1H-NMR of PEG 600 ditosylate7. . . . . . . . . . . . . . . . . . . . . . X



xiv LIST OF FIGURES

6.10 1H-NMR of PEG 600 diazide8. . . . . . . . . . . . . . . . . . . . . . . XI

6.11 1H-NMR of N3-PEG600-TAB 10. . . . . . . . . . . . . . . . . . . . . . XII

6.12 1H-NMR of Positively charged, clicked diblock surfactant PFPE7000-

PEG600-TAB 11. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XIII

6.13 1H-NMR of 4-(azidomethyl)-3-nitrobenzoic acid12. . . . . . . . . . . . XIV

6.14 1H-NMR of PEG 1500 bis(4-(azidomethyl)-3-nitrobenzoate)13. . . . . XV

6.15 1H-NMR of photoliable, clicked triblock surfactant PFPE7000-NB-PEG1500-

NB-PFPE70002. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XVI

6.16 1H-NMR of Krytox with di�erent concentrations. . . . . . . . . . . . . XVII

6.17 Fluorescent microscope images of Liss Rhodamine-labeled GUVs. . . . XVIII

6.18 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XIX

6.19 Fluorescent microscope images of Liss Rhodamine-labeled GUVs with

nickel(II) ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XX

6.20 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs with nickel(II) ions. . . . . . . . . . . . . . . . . . . . . . XXI

6.21 Fluorescent microscope images of Liss Rhodamine-labeled GUVs with

calcium ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXII

6.22 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs with calcium ions. . . . . . . . . . . . . . . . . . . . . . . XXIII

6.23 Fluorescent microscope images of Liss Rhodamine-labeled GUVs with

nickel(II) and calcium ions. . . . . . . . . . . . . . . . . . . . . . . . . . XXIV

6.24 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs with nickel(II) and calcium ions. . . . . . . . . . . . . . . XXV

6.25 Fluorescent microscope images of Liss Rhodamine-labeled GUVs with

E-cadherin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXVI

6.26 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs with E-cadherin. . . . . . . . . . . . . . . . . . . . . . . XXVII

6.27 Fluorescent microscope images of Liss Rhodamine-labeled GUVs with

E-cadherin and nickel(II) ions. . . . . . . . . . . . . . . . . . . . . . . . XXVIII

6.28 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs with E-cadherin and nickel(II) ions. . . . . . . . . . . . . XXIX

6.29 Fluorescent microscope images of Liss Rhodamine-labeled GUVs with

E-cadherin and calcium ions. . . . . . . . . . . . . . . . . . . . . . . . . XXX

6.30 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs with E-cadherin and calcium ions. . . . . . . . . . . . . . XXXI

6.31 Fluorescent microscope images of Liss Rhodamine-labeled GUVs with

E-cadherin, nickel(II) ions and calcium ions. . . . . . . . . . . . . . . . XXXII



LIST OF FIGURES xv

6.32 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs with E-cadherin, nickel(II) ions and calcium ions. . . . . XXXIII

6.33 Fluorescent microscope images of ATTO 488-labeled GUVs. . . . . . . . XXXIV

6.34 Fluorescent microscope images of ATTO 488-labeled GUVs with nickel(II)

ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXV

6.35 Fluorescent microscope images of ATTO 488-labeled GUVs with calcium

ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXVI

6.36 Fluorescent microscope images of ATTO 488-labeled GUVs with nickel(II)

and calcium ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXVII

6.37 Fluorescent microscope images of ATTO 488-labeled GUVs with E-cadherin.XXXVIII

6.38 Fluorescent microscope images of ATTO 488-labeled GUVs with E-cadherin

and nickel(II) ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXIX

6.39 Fluorescent microscope images of ATTO 488-labeled GUVs with E-cadherin

and calcium ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XL

6.40 Fluorescent microscope images of ATTO 488-labeled GUVs with E-cadherin,

nickel(II) and calcium ions. . . . . . . . . . . . . . . . . . . . . . . . . . XLI

6.41 Fluorescent microscope images of Liss Rhodamine-labeled GUVs. . . . XLII

6.42 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XLIII

6.43 Fluorescent microscope images of Liss Rhodamine-labeled GUVs with

palindromic DNA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XLIV

6.44 Representative confocal images of Liss Rhodamine-labeled GUVs with

palindromic DNA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XLV

6.45 Confocal Z-stack (XZ- and YZ-projection) images of Liss Rhodamine-

labeled GUVs with palindromic DNA. . . . . . . . . . . . . . . . . . . . XLVI



xvi LIST OF FIGURES



Chapter 1

Introduction

1.1 Synthetic cells, the base towards arti�cial life

What is life? From chemists, who seek to understand the mechanism behind how

inorganic molecules were converted into organic material and biomolecules,1�3 to NASA,

who is searching for extraterrestrial life and therefore de�ned a ladder of life detection4,5

� scientists from di�erent �elds explore this question. In contrast, there is synthetic

biology research, where scientists are trying to rebuild a cell from scratch, coining the

term, �synthetic cells�.6,7

To understand the mechanisms of life and how cells are "living", synthetic biology

research uses two di�erent approaches. For the top-down approach, the complexity of a

natural system is reduced by removing or replacing compartments.8 In contrast, for the

bottom-up approach a natural system is constructed from discrete parts using natural

or synthetic compartments to implement biomimicking functionalities. A synthetic

cell can be synthezised in many di�erent ways. Natural functionalities which have

been de�ned as inevitable for life can be either achieved via integration of natural

components in the synthetic cell,9�11 or by replacement of natural functionalities by

arti�cial building blocks (e.g. polymers).12

In my work, I aimed to construct synthetic cell communities that would mimic a

biological tissue such as the epidermis. Therefore, I used synthetic cells based on GUVs

(vesicle radius greater than 1� m), which were produced by droplet-based micro�uidics.

These GUVs were equipped with various adhesion modules to form a GUV network,

which will enable signal transduction and communication between the synthetic cells

in future work. In this thesis, I could show for the �rst time a hybrid system consisting

of synthetic and natural cells and con�rm the interactions between GUVs and natural

cells.

In the following chapter, I will describe the functionalities of natural adhesion mod-

ules in cells and give an overview of di�erent ways to generate GUVs. In detail, I will

1
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discuss the droplet-based micro�uidic approach, with state-of-the-art of �uorinated

block copolymer surfactants, and summarize the synthetic cell research in the direc-

tion of implementing adhesion modules and building arti�cial tissue. The following

descriptions of functionalities in the cellular system focus on eukaryotic cells.

1.2 Adhesion modules in natural cells

In natural tissues, cells communicate with each other through chemical cues or mechan-

ically via molecular interactions. Molecular-based communication channels are various

and transmit information via transmembrane proteins, or higher-order molecular as-

semblies, using so-called adhesion modules. These modules can be further classi�ed

into cell-cell interactions or cell-matrix adhesion.13,14 Cell-cell interactions allow the

formation of cell assemblies with structures that support speci�c biological functions.

Cell-matrix adhesion enables cells to migrate and plays a crucial role in biological pro-

cesses like wound healing. The three main types of cell-cell interactions are adherens

junctions, gap junctions and tight junctions.15,16 These adhesion modules consist of

multiprotein complexes and are summarised under the de�nition: cell junctions. Men-

tioned for completeness, cells interact between each other also via the release of mes-

senger substances of one cell and the corresponding receptor proteins in the membrane

of another cell, like signal transduction between synapses.17 The adhesion of cells with

the extracellular matrix (ECM) is mediated mainly by the integrin protein family.13,18

To transduce messages like forces into the cell, the junction needs to be connected to

the inside of the cell. In adherens junctions, tide junctions and the integrin-mediated

matrix adhesion this connection is transmitted via multiprotein complexes to the actin

cytoskeleton. Through these connections, signals are transmitted across the cell mem-

brane and, using genetic feedback mechanisms, the interactions can be controlled from

the inside of the cell.19,20

1.2.1 Cell junctions

Cell junctions are a classi�cation of intercellular adhesion modules consisting of a mul-

tiprotein complex. Part of cell junctions are: 1) adherens junctions mediating the

cell-cell adhesion between epithelial and endothelial cells to enable the formation of

cell assemblies, for example (Figure 1.1A);21,22 2) gap junctions connecting the cytosol

of cells for chemo-signal transduction (Figure 1.1B);23 and 3) tight junctions sealing

the epithelium preventing the uncontrolled di�usion of molecules (Figure 1.1C).24

The main components of adherens junctions are transmembrane glycoproteins called

cadherins.25,26 The cadherin superfamily is divided into �ve subtypes, with the classic
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Figure 1.1: Schematic illustration of adherens junctions (A), gab junctions (B) and
tight junctions (C). Adapted and modi�ed from Kutova et al.16

cadherins subtype being of particular interest.27,28 The classic cadherins are further

subdivided into type I, for example the epithelial cadherins (E-cadherins) and the neu-

ral cadherins (N-cadherins), and type II, for example vascular-endothelial cadherins

(VE-cadherins).29,30 The extracellular region of classic cadherins mediate calcium ion-

dependent homophilic adhesion, but only the �rst two of the �ve extracellular domains

are involved in this interactions.31�33 Through the cell membrane, the intracelluar re-

gion of classic cadherins is connected via a protein complex consisting of� -catenin,

� -catenin and p120-catenin with the actin cytoskeleton.34 Through this connection,

the classic cadherins regulate the local cytoskeleton, intracellular signaling, and gene

transcription.35,36 The classic cadherin-mediated adhesion is highly dynamic, allowing

regulated attachment and detachment of cell assemblies, such as in the epithelial-

mesenchymal transition.37�39 Therefore, modi�cations of classic cadherins, especially

of E-cadherins, are correlated with tumor metastasis.40

Gap junctions are transmembrane connections between cells providing direct inter-

cellular communication.23 This connection is constructed by hexamers of the connexin

protein family forming a hemichannel called connexon.41 Two connexons of adjacent

cells form a channel directly linking the cytosol of both cells. Through this channel, ions

and small molecules pass with a charge and size dependency of 0.2 to 1.0 kDa.42�44 Gap

junctions, thus, enable chemical communication, by small second messenger molecules

like calcium ions and cyclic AMP, electrical communication between cells, as in nervous

and cardiovascular tissues, and nutrient transport in poorly perfused tissues like the

retina.45

Tight junctions produce strong interactions in cells from the epithelium, on the

one hand preventing di�usion, and in contrast controlling passage of ions and dis-

solved molecules.19,46,47 This junction is formed by the transmembrane proteins oc-

cludin and claudins family.48,49 Occludin and the members of the claudin family are

tetraspanin proteins containing two extracellular loops, but they do not share sequence
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similarities.49�52 Intracellularly, the proteins are bound to the actin cytoskeleton via ZO

proteins, especially ZO-1.53 It was demonstrated that ZO-1 has a binding pocket for

� -catenin and could therefore be the link between adherens junctions and tight junc-

tions. However, the necessary simultaneous binding of actin and� -catenin has not

yet been proven.54,55

1.2.2 Cell-matrix adhesion

The ECM provides a support structure for cells consisting of a mixture of matrix

proteins, like �bronectin, collagens and laminins, and soluble proteins, like growth

factors.56 Cell adhesion on matrix proteins is mediated by integrins by a dynamic

mechanism.57 The members of this transmembrane protein family are heterodimers

consisting of an� and a � subunit.45 In particular, integrins � IIb � 3 and � v � 3 are well

studied in terms of their activation and clustering and especially� IIb � 3 is used for

synthetic cell research.11,58

Figure 1.2: Schematic illustration of inactivated integrin conformation (A) and qua-
ternary structural transitions after inside-out signaling (B) or outside-in signaling (C).
Adapted and modi�ed from Cheahet al.59

Integrins are allosteric proteins, meaning they make a quaternary structural tran-

sition dependent on ligand concentration.57,60 They have a closed, bent conformation

in which they are inactivated (Figure 1.2A), and an open/ extended conformation

after activation. The change in the quaternary structure can either be triggered by

intracellular activators kindlin and talin binding to a particular portion of the pro-

tein (inside-out signalling, Figure 1.2B), or by ECM ligand binding to speci�c amino

acid sequences in the matrix (outside-in signalling, Figure 1.2C).58,59 In addition, the

integrin � IIb � 3 binding pocket can be activated by manganese(II) ions.61,62
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1.2.3 Actin cytoskeleton

The cytoskeleton is a dynamic �lamentous network consisting of actin, microtubules

and other structural protein �laments.63 It is responsible for the mechanical stability

of the cell and de�nes its shape.64 Therefore, the cytoskeleton has a crucial role in cell

migration and also supports the molecule transport inside the cell.65,66

Figure 1.3: Schematic illustration of dynamic polymerisation and depolymerisation of
actin �laments. Adapted and modi�ed from Nürnberg et al.67

In particular, the highly conserved actin is well explored.68 The dissolved actin

monomers are called globular actin (G-actin) and carry an adenosine triphosphate

(ATP) molecule. For �lament polymerisation, three G-actin form a trimer as a nucle-

ating point for the polymerisation, followed by further G-actin monomers binding onto

this trimer, forming �lamentous actin (F-actin) (Figure 1.3A). The two ends of the

F-actin grow at di�erent rates due to a conformational change: the fast growing end

is called the plus end and the slow growing end is called the minus end (Figure 1.3B).

The carried ATP hydrolyses to adenosine diphosphate (ADP), reducing the binding

a�nity of actin monomers to their neighbours. This increases the dissociation rate on

the minus end (Figure 1.3C). If the polymerisation at the plus end and the depolymeri-

sation on the minus end are equally fast, the actin �lament will reach a static length,

even though there is a net �ux of subunits through the polymer.67

1.3 GUV generation methods

For the generation of GUVs, di�erent methods were developed using various proper-

ties of lipids, solvent solubilities, and charge interactions.69�75 I sorted the most used

methods into three di�erent groups: 1) methods using dried lipid �lms for GUV gen-

eration (Figure 1.4A); 2) methods where water droplets were transferred through lipid

layers (Figure 1.4B); 3) methods where water-in-oil (w/o) droplets were generated as

a template for GUV generation (Figure 1.4C).
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Figure 1.4: Schematic illustration of GUV generation using a lipid �lm (A), by emulsion
transfer (orange: oil phase, blue: aqueous phase, B) and based on w/o droplet (gray:
�uorinated oil phase, C). Adapted and modi�ed from Bealeset al.76

1.3.1 Lipid �lm formation

GUVs can be generated by hydration of dried lipid �lms. The simplest is the gentle

hydration method.77�79 Here, a layer of water is placed on the dried lipid �lm. As the

lipid �lm swells, GUVs of various sizes gradually detach.80 The process can be supported

by an external electrical �eld, called electroformation method.79,81,82 This decreases

inter-membrane attraction inducing instability of lipid binding.83 For hydrogel-assisted

hydration methods, the dried lipid �lm is created on top of a dried hydrogel, for example

an agarose or PVA gel.69,84�86 The hydrogel supports the swelling process increasing

the GUV generation rate.

In terms of methodology, the freeze-thaw cycle method di�ers. Here, the dried lipid

�lm is hydrated and extruded into small unilamellar vesicles (SUVs) (vesicle radius

smaller than 100 nm) to obtain monodisperse vesicles. In several cycles, the solution is

alternately frozen in liquid nitrogen and then rapidly thawed, only to be frozen again.

In this process, the lipid membrane is destabilized and the vesicles fuse.87,88

1.3.2 Emulsion transfer

Generally, for this method group the lipids are dissolved in an organic oil, like mineral

oil or silicon oil. Combing this oil solution with an aqueous phase, a lipid monolayer

is formed on the interface. If a second water phase with a lipid monolayer is trans-

ferred through this monolayer at the water-oil interface, a vesicle with a lipid bilayer is

formed. In the inverted emulsion method, a w/o emulsion with the inner GUV bu�er

in organic oil containing lipids is generated and placed above the previously described

water/oil system. While under centrifugation, the emulsion is transferred through the

oil-water interface, causing of a density gradient between inner GUV bu�er and the

oil phase or the outer aqueous phase, forming a GUV.89,90 For the continuous droplet
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