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Kunst er menneskets trang til krystalisation.

Art is the human craving for crystallization.

Edvard Munch






Preface

This thesis is submitted in partial fulfillment of the requirements for the degree of Philosophiae
Doctor at the Department of Chemistry, Faculty of Mathematics and Natural Sciences,
University of Oslo. The research presented in this thesis, including three original papers as
well as additional results, has been carried out under the supervision of Dr. Irep Gdzen during
the period 2019 to 2022 at the Laboratory of Bionanotechnology and Membrane Systems,
Centre for Molecular Medicine Norway, Faculty of Medicine, University of Oslo. Over the
years, the group of supervisors consisted of Dr. Irep Gbzen, Prof. Michele Cascella and Prof.
Reidar Lund. Financial support has been provided by UiO: Life Sciences Convergence

Environment.

Acknowledgements

I would like to take this opportunity to express my deepest gratitude and appreciation to all the
people who have supported me throughout my Ph.D. and contributed to the completion of this

thesis.

First and foremost, | am immensely grateful to my main supervisor, Prof. Michele Cascella,
and co-supervisor Prof. Reidar Lund, for their constant guidance, invaluable insights, and
continuous encouragement. Their expertise and mentorship have been instrumental in
shaping my research and pushing me to achieve my best. | would also like to thank Prof. Ute
Krengel, whose mentorship and discussions have played a pivotal role in my growth as a

researcher.

I would like to express my sincere appreciation to the people at the Department of Chemistry,
especially the members of the Krengel’s and Lund’s groups, as well as Prof. Steven Ray
Haakon Wilson and Prof. Stian Svelle, for their support and the enriching academic
environment they have provided throughout my doctoral studies. Their commitment to

excellence in research and education has been a constant inspiration to me.

| am grateful to my colleagues and fellow researchers at the Centre for Molecular Medicine
Norway. Elif, Karolina, Aysu, Inga, Annie, Maivizhi, Jicheng and Ingrid, thank you for sharing
the moments in the cold and dark confocal room and for putting up with all the jokes | made
about vesicles. Your support and encouragement have made my research journey more
enjoyable and rewarding. May the exhibition of NanoCosmos be remembered as a joyful

experience.



My heartfelt thanks go to my friends in Oslo, Amiran, Miina, Erchen, Stephan, Yael, Edna,
Zhuokun, Ru, Alexandre, Gabriella, Ying, Jia, Juan, Jia, Zhiyuan, and Yunxi, and in Sweden,
Junjie, Yidong, Yibo, Ziyu, Guo, Qiangian, Xixi, and Axel. Their encouragement and support
have made it possible for me to overcome challenges and maintain my motivation. | would
also like to thank Tianyu, Etay, Ziyu, Songyao, Haipeng, and all my friends in China for being

my pillars of support throughout this dissertation.

Finally, | would like to express my deep gratitude to my parents and my family for their
unwavering support, patience, and love through all the ups and downs of my life. Your belief

in me has been the driving force behind my accomplishments, and | am forever grateful.

Lin Xue

Oslo, December 2023

Vi



Table of Contents

(= =T T U PPP TR PPPRPP %
ADDIEVIATIONS ... e e e e e r e e e e e e e aan iX
LiSt Of PUDIICAIONS ... e e e e e e e Xi
1001 g F= 1 2P PP PPPPPPPPPP Xiii
ST 4] 1T aTo = Vo [P PU PP PTPRPP PRI XV
L [ 110 11 Tex (oo P EPPP TP 1
1.1 Origin of life and ProtOCEIIS...........ooiiii i 1
1.1.1 Definition Of [fe.....eeee e 3
1.1.2  Environmental CONAITIONS .......cooiiiiiiiiiiiiiie e 3
1.1.3 The earliest record of life 0N Earth ... 7
1.1.4  Hypothesis about life..........ouuiiiiiiii e 7
1.1.5 Protocell compartmentalization ..............coooiiiiiiiiii e 12
1.1.6  Protocell population and intercellular communication ...........ccccccooviiiiiieenennnns 14

1.2 Surface energy and the possible implication of surfaces............cccceveeiiiiinnnnee. 21
1.2.1 Surface free energy and wetting phenomena .............ccccooiiiiiiiiic e, 21
1.2.2 Surfaces used in this thesis and their natural analogues.............cccccccocvveeennen. 23

1.3 Lipid MEMDIANE ... e 23
1.3.1  The chemistry of lipid MOIECUIES ...........cooviiiiiiiiii e 24
1.3.2 Self-assembly and hydrophobic effect ... 26
1.3.3  Membrane Surface ENergy .........ccccoouiiiiiiiiiiie e 27
1.3.4  FOrmation Of VESICIES ........uviiiiiiii e 28
1.3.5  Phospholipid VESICIES .........uuiiiiiiiiiiiieeee e 30
1.3.6  Supported lipid MeMDranes ...........ccuuiiiiii s 31
1.3.7 Double bilayer SPreading ...........oooiiiiiieiie e 32
1.3.8 Membrane rupturing and nanotube formation.............ccccciiiiiiiniis 33
1.3.9 Formation of protocell-nanotube networks and the temperature effect............. 34
1.3.10  Transport among protocells via tunneling nanotubes..............ccoccciiieeiinnnns 35

Vii



1.3.11 Membrane permeability and transient pores..........cccccovviiiieeeie i 37

1.3.12  Membrane fUuSION...........eiiiieee e 38
1.3.13  Motility Of lipid VESICIES ......eeeeiiiiiiiiieeee e 39

2 AIM Of the PrOJECES ... 41
3 Heat-induced rapid growth of protocell from protocell-nanotube network ..................... 43
4  Cargo transport in protocell-nanotube NetWOork............ccueeeiiiiiiiiiiiiieeeeee e 45
5  Cationic liposome-assisted cargo deliVEry..........cceeiiiiiiiiiiiiiiiie e 47
6  Materials and MENOAS .......cooii i 49
6.1 Preparation of lipid VESICIES ..........cooiiiiiiiii e 49
6.2 Surface fabriCation .............eooiii 50
6.3 OPLICAl MICTOSCOPY -.vveeeiuereeieeiiieee e ettt e e ettt e e e et e e e s e e e e ssbe e e e s enseeeeeennseeeesanneeeeaas 52
6.4 Differential interference contrast MICrOSCOPY ........oovcuviriieiiii i 52
6.5 Fluorescence and confocal MICIOSCOPY .....uvvrriieiiiiiiiiiiieieee et 53
6.6 Infrared laser heating SYSteM ... 56
6.7 The MICrofluidiC PIPELE ... 58

7 Conclusion and OUHIOOK ..........ccuueeieiiiiiie e e eas 61
REIEIENCES. ... e e e e e e e e e e n e e as 63
U] o] [Tor= o] o 1< PR PRSPPI 87

viii



Abbreviations

A. baylyi Acinetobacter baylyi

AF Amorphous fluoropolymer

B. subtilis Bacillus subtilis

CC Carbonaceous chondrite

CLSM Confocal laser scanning microscopy
CPP Critical packing parameter

DIC Differential interference contrast
DOTAP Dioleoyl-3-trimethylammonium propane
DPPC Dipalmitoylphosphatidylcholine
E-beam Electron-beam

E. coli Escherichia coli

EC Enstatite chondrite

FRAP Fluorescence recovery after photobleaching
FRET Forster resonance energy transfer
GUV Giant unilamellar vesicle

IR Infrared

LUCA Last universal common ancestor
LUV Large unilamellar vesicle

MLV Multilamellar vesicle

NA Numerical aperture

PC Phosphatidylcholine

PDMS Polydimethylsiloxane

PE Phosphatidylethanolamine

PVD Physical vapor deposition



QCM

SIM

STED

SUV

TNT

uv

Quartz crystal microbalance
Structured illumination microscopy
Stimulated emission depletion
Small unilamellar vesicle
Tunneling nanotube

Ultraviolet



List of Publications

Paper I. E. S. Kbksal, S. Liese, L. Xue, R. Ryskulov, L. Viitala, A. Carlson, I. Gézen.

Rapid growth and fusion of protocells in surface-adhered membrane

networks'
Small, 2020, 16, 2002529.

DOI: https://doi.org/10.1002/smll.202002529.

Paper II. I. J. Schanket, L. Xuet, K. Spustova, |. Gézen.
Transport among protocells via tunneling nanotubes?
Nanoscale, 2022, 14 (29), 10418—-10427.
DOI: https://doi.org/10.1039/D2NR02290G.

TThese authors contributed equally to this work.

Paper lll. L. Xue, A. B. Stephenson, |. Gézen.

Liposome-assisted in-situ cargo delivery to artificial cells and cellular

subcompartments
Submitted manuscript

DOI: https://doi.org/10.1101/2022.04.27.489538

Xi



List of related peer-reviewed publications by the author that are not included in the thesis
Paper IV. K. Spustova, L. Xue, R. Ryskulov, A. Jesorka, |. Gézen

Manipulation of lipid membranes with thermal stimuli®

Membrane Lipids, 2022, 209-225.

DOI: https://doi.org/10.1007/978-1-0716-1843-1_17.

Paper V. I. Gézen, E.S. Koksal, |. Pdldsalu, L. Xue, K. Spustova, E. Pedrueza-
Villalmanzo, R. Ryskulov, F. Meng, A. Jesorka.

Protocells: milestones and recent advances*
Small, 2022, 18, 2106624.

DOI: https://doi.org/10.1002/smll.202106624

During my PhD studies, | also explored lipid vesicle fusion on solid surfaces. Part of this work
was presented as poster contribution in International Conference on Engineering Synthetic

Cells and Organelles (SynCell) 2022, as well as in Molecular Origins of Life, Munich 2022.

Xii



Summary

This thesis provides experimental evidence for rudimentary communication and interaction in
protocells and protocell populations, highlighting their potential role in the transition from

prebiotic soft matter compartments to the first living cells at the origin of life.

The research demonstrates that self-spreading of lipid reservoirs on solid surfaces can
spontaneously form surface-supported double bilayer membranes that can further transform
into protocell-nanotube networks. Elevated temperature (40 °C — 70 °C) can promote
nucleation and growth of protocells within the network, and further elevation of local
temperature (90 °C) induces fusion of neighboring protocells. Upon fusion, the RNA
internalized in one of the protocells can be redistributed to the fused protocell. The lipid
nanotubes within these networks allow the transport of molecular cargo, including water-
soluble dye, RNA and DNA, between connecting protocells. The transport is diffusion driven
and is found to be highly dependent on the geometric parameters of the networks, such as
the size of the protocells and the length and diameter of the nanotubes, which are

characterized by an analytical model.

This thesis also presents a protocol for the delivery of membrane-impermeable molecules,
such as oligonucleotides and global proteins, into surface-adhered giant vesicles using small
cationic vesicles as carriers. The positively charged cationic vesicle membranes can fuse with
the negatively charged giant vesicle membranes. Cargo loaded in the small vesicles can be
released into the giant vesicles upon membrane fusion. Furthermore, based on this protocol,
it is shown that the giant vesicles can accommodate simple enzymatic reactions, providing a

practical bottom-up approach for constructing synthetic cells with functional components.
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Sammendrag

Denne avhandlingen gir eksperimentelle bevis for rudimenteer kommunikasjon og interaksjon
i protoceller og protocellepopulasjoner, og fremhever deres potensielle rolle i overgangen fra

prebiotiske blotstoffkompartimenter til de forste levende cellene ved livets opprinnelse.

Forskningen viser at selvspredning av lipidreservoarer pa faste overflater spontant kan danne
overflatestottede doble dobbeltlagsmembraner som videre kan omdannes til protocelle-
nanoror-nettverk. Forhgyet temperatur (40 °C - 70 °C) kan fremme kjernedannelse og vekst
av protokollceller i nettverket, og ytterligere forhgyelse av lokal temperatur (90 °C) induserer
fusjon av naboprotokolliceller. Ved fusjon kan RNA som er internalisert i en av protokolicellene
omfordeles til den fusjonerte protokollcellen. Lipidnanorgrene i disse nettverkene tillater
transport av molekylaer last, inkludert vannlgselig fargestoff, RNA og DNA, mellom
sammenhengende protoceller. Transporten er diffusjonsdrevet og viser seg a veere sveert
avhengig av de geometriske parametrene til nettverkene, som starrelsen pa protocellene og

lengden og diameteren pa nanorgrene, som er karakterisert ved hjelp av en analytisk modell.

Til slutt presenterer denne avhandlingen en protokoll for levering av membran-impermeable
molekyler, som oligonukleotider og globale proteiner, inn i overflateadhererte gigantiske
vesikler ved hjelp av sma kationiske vesikler som baerere. De positivt ladede kationiske
vesikkelmembranene kan smelte sammen med de negativt ladede gigantiske
vesikkelmembranene. Last lastet i de sma vesiklene kan frigjores i de gigantiske vesiklene
ved membranfusjon. Videre, basert pa denne protokollen, er det vist at de gigantiske vesiklene
kan romme enkle enzymatiske reaksjoner, noe som gir en praktisk nedenfra-og-opp-

tilneerming for & konstruere syntetiske celler med funksjonelle komponenter.
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1 Introduction

The origin of life on early Earth remains a fundamental mystery and is widely regarded as one
of the most pressing questions in scientific research®. The earliest known evidence of living
cells is in the form of bacterial colonies®, in which individual bacteria can exchange metabolic
materials with their neighbors. To study the transition from prebiotic entities to the first living
cells, soft matter structures called protocells have been synthesized in the laboratory as model
compartments+7-12 with properties and behaviors similar to those of primitive cells. In this
thesis, we present experimental studies of protocells and protocell populations, which seeks
to elucidate the potential for communication and interaction among surface-adherent

protocells.

In this first chapter, Section 1.1 discusses established and recent findings and hypotheses on
protocells and related origin of life studies, while Section 1.2 introduces the intrinsic energy of
solid surfaces and its implications for protocells. Subsequently, Section 1.3 describes the self-
assembly of lipids and the mechanism of lipid membranes, which are essential for

understanding the properties of membranous protocells.

Chapter 2 presents the scope and motivation of the studies presented in this thesis. Chapter
3 summarizes the main findings of Paper |, which focuses on the heat-assisted formation of
surface-adhered protocell-nanotube networks. Chapter 4 presents the main findings of Paper
I, which investigates nanotube-mediated cargo transport within protocell-nanotube networks.
Chapter 6 summarizes the main results of Paper Ill, which demonstrates liposome-based
methods for the delivery of membrane-impermeable cargo into protocellular compartments.
Chapter 6 describes the experimental methods and techniques used in this thesis. Finally,

Chapter 7 concludes the studies and provides an outlook for future investigations.

1.1 Origin of life and protocells

Evidence on the evolutionary timeline of Earth suggests that the age of our planet is
approximately 4.5 billion years (Gy)'34, followed by the appearance of liquid water'> and
organic matter, and finally the emergence of the first living cells approximately 3.5 billion years
ago (Gya)®16. However, there is a lack of knowledge about the transition from inanimate to
living matter. Figure 1.1 shows the candidates that might be present in the primordial soup,
such as fragments of genetic polymers, organic or inorganic compartments, clay particles and
amphiphilic molecules. Exactly how these building blocks would harmoniously assemble

under prebiotic conditions into life-like precursor structures called protocells and the



successive transformations they would undergo to eventually evolve into living cells is

currently unknown.

Figure 1.1. lllustration showing a simplified inventory of prebiotically relevant components that would
have been available in the condition of the early Earth. First row: membranous compartments; second
and third rows: genetic polymers; fourth row: rock microcavities; fifth row: clay particles; sixth row: fatty
acids and phospholipids.

In Section 1.1, | will first present commonly accepted definitions of life, followed by an overview
of the environmental conditions on the early Earth in which life could have emerged. | will then
discuss the possible sources and origins of organic matter and the earliest fossil evidence,
highlighting the knowledge gap between the two. Next, | will introduce the established
hypotheses for the origin of life and explain the possible physicochemical mechanisms for the
formation of protocells. | will then discuss the possibility of the emergence of protocell
populations on the early Earth and point out their potential evolutionary advantages over
individual protocells. At the end of the chapter, | will describe possible means of
communication and interaction among protocells, and finally provide a comparison with

modern cell populations.



1.1.1 Definition of life

How life could have arisen is closely related to the question of what life is. So far, there is no
solid consensus on the definition of life'?, although many versions have been proposed. One
of the best known definitions comes from the NASA’s Exobiology Program: “Life is a self-
sustaining chemical system capable of Darwinian evolution’®. This definition is quite broad
and relatively impractical, especially from the point of view of experimental researchers. The
theoretical biologist Tibor Ganti proposed the chemoton model as a minimal living system™®.
A chemoton, short for chemical automation, consists of three subsystems: the metabolic
subsystem, the two-dimensional membrane, and the genetic information subsystem. The
metabolic subsystem is a chemical reaction network that can absorb nutrients to reproduce
itself and produce compounds needed by the other two subsystems. The membrane
subsystem forms a boundary that encloses the other two subsystems, and it is capable of
reproducing itself using the compounds produced by the metabolic subsystem. The genetic
subsystem can perform template-based polymerization of the compounds synthesized by the
metabolic system. The by-products of polymerization are essential for the membrane
formation. In this way, all three subsystems are interconnected and function cooperatively.
Later, Pohorille and Deamer proposed 7 criteria for building an ideal minimal cell?°: a genetic
polymer, a supply of monomers for the polymer, a source of chemical energy for biochemical
reaction, a catalytic activity for replication, a self-reproducing membrane, a division
mechanism, and the regulation of all the processes. These points overlap greatly with the

chemoton model.

1.1.2 Environmental conditions

With the establishment of a habitable Earth with hydrosphere and the presence of organic
matter, the origin of life would most likely have occurred in the Eoarchean period (4-3.5
Gya)é2'. The Earth’s environment today may be very different from the early Earth. One way
to understand what the favorable sites for the origin of life might be is to consider the
environmental conditions of the early Earth. The concept of urability, which refers to the
geophysical and geochemical conditions for the origin of life??, was proposed by Deamer,
Cary, and Damer in 2022. In total 28 urable conditions are identified, including 12 geophysical,
14 geochemical, and 2 combinatorial. Figure 1.2 shows some of these urable conditions. For
example, the concentration of ions in the aqueous environment is one of the geochemical
factors. Compared to marine habitats, freshwater environments are considered more
conducive to urability?3-25, These urable conditions overlap to create a urable center that is

suitable for protocell assembly. The urable center is also expected to increase in size and



diversity as protocells become sufficiently robust to survive the environmental stress and
adapt to changing conditions. In this section, | will outline and explain some of the critical
conditions that would have a significant impact on protocell formation and the later emergence
of the first living cell, namely liquid water (hydrosphere), atmosphere, ultraviolet (UV) radiation,

and minerals and rocks.

A FREEZING B saturated

NaCl

saturated saturated

URABLE dilute
CENTER

CENTER B E

LIGHT dilute s

BOILING
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Figure 1.2. Examples of urable (biophysical and biochemical) conditions for the emergence of life on a
planet. (a) Dry-wet: the amount of water as a solvent for the prebiotic reaction; freezing-boiling: the
water temperature; light-dark: the intensity of light energy on the surface of the planet. (b) The
concentrations of ionic solutes in aqueous environment. Reprinted with permission from Reference 22.
Copyright 2022, Mary Ann Liebert, Inc.

Atmosphere

Although the origin of the early atmosphere is still debated, the atmosphere on the early Earth
was significantly different in composition from the atmosphere we have today. We refer to the
early atmosphere as the primary and secondary atmosphere. Any primary atmosphere
captured during the accretion of the terrestrial planets would have been lost?¢. The secondary
atmosphere would have been formed by the volcanic outgassing of the volatiles trapped in the
Earth’s interior?6. The outgassing of volatiles in the impacting chondrites would also contribute
to the formation of the secondary atmosphere?’. The secondary atmosphere after the period
of the late heavy bombardment (4.5-3.8 Gya)?¢ is of particular interest for the origin of life. The
post-heavy bombardment atmosphere was considered to be weakly reduced, probably
dominated by CO. and N, with traces of CO and H:?627. The well-known Miller-Urey

experiment?8 used an artificial atmosphere composed of CH4, NHs, Hz, and H>O to produce a



variety of biologically relevant organic molecules such as sugars and amino acids. However,

CH. and NHs may not have been available at that stage of the atmosphere.

Water

Water is the medium for life as we know it on Earth?® and is massively involved in biochemical
reactions and metabolism. It is a polar molecule that can form hydrogen bonds, and the
associated hydrophobic effect is fundamental to the self-assembly of amphiphiles that leads
to protocell formation (see Section 1.3.2). Based on oxygen isotopes in Hadean zircons, the
presence of liquid water could be dated to 4.3 Gya3°. Although the origin of water on early
Earth is still unclear, it has been suggested that water ice could have been delivered to Earth
by carbonaceous chondrite (CC) meteorites®'-34, This is supported by the Advent of Bio-
elements model®5. According to this two-step model, the dry Earth was formed, followed by
the delivery of an atmosphere and ocean to the dry Earth by the icy asteroids from the outer
part of the asteroid belt delivered at ~4.4 Gya. Enstatite chondrite (EC) meteorites were
formed in the inner Solar System, which was too warm to retain water ice, whereas CC
meteorites were formed in the outer Solar System, which was water-rich%6. A new study
proposed EC meteorites instead of EC meteorites as the primary source of water?”. According
to the calculation of Piani et al., EC meteorites could have contained a high amount of water,
equivalent to the volume of three oceans on the early Earth®’. In addition, EC meteorites have

a similar isotropic composition to the materials that formed the terrestrial Earth.

UV light

UV radiation on the early Earth was considered to be the main energy source for probiotic
reactions such as the synthesis of RNA and DNA building blocks®. During the Archean eon
(4-2.5 Gya), it has been suggested that the Sun was ~25% less luminous and thus ~35%
reduced luminosity in the biologically effective UV wavelength3®. Cockell’s computational
model shows that high fluxes of UV-B (280 nm-315 nm) and UV-C (200-280 nm) penetrated
the primary atmosphere and reached the planetary surface due to the absence of the ozone
column“°. Short-wavelength UV, especially UV-C (200-280 nm), has been shown to be more
harmful to microorganisms than UV-A (315-400 nm)*'. However, intense UV irradiation can
destroy organic compounds by breaking chemical bonds as in photolysis#?. It has also been
shown experimentally that ocean water can effectively attenuate UV irradiation, protecting the
prebiotically relevant molecules*>-+4. In addition, the optical properties of the micrometer-sized
fatty acid vesicles were analyzed using a computational model*5, suggesting that they could
have acted as Mie scattering particles for the incident UV-C light, specifically in the region of

180-210 nm, thus preventing the destruction of the DNA and other essential molecules



encapsulated in the vesicles. These could have shed light on the hypothesis of the deep

hydrothermal vent as the preferred site for origin of life, described in Section 1.1.4.

Minerals and rocks

Rocks are aggregates of minerals, inorganic compounds with fixed chemical compositions
and specific crystal structures. There are about 4300 identified types of minerals on the
modern Earth. While primary minerals are formed by cooling and crystallization of magma,
secondary minerals are later transformed from primary minerals by weathering and alteration
on the planet’s surface*t. The diversity of minerals comes from the ten stages of mineral
evolution*”. Planetary accretion occurred from stages 1 to 2 of mineral evolution. Later, stages
3 to 6, called the era of crust and mantle reworking (~4.55-2.5 Gya), are highly relevant for
the emergence of life. Clay minerals, quartz, and mica are examples of minerals from these
stages*’. Mineral surfaces can provide sites for the adsorption and concentration of organic
molecules in a dilute aqueous environment, and can facilitate catalysis of chemical reactions
of biomolecules such as polymerization of nucleotides*®. In addition, minerals can promote
vesicle formation in mineral-lipid interactions*®. Microcavities in rocks can act as
compartments that promote molecular crowding and accommodate chemical reactions50-53,
Therefore, microcavities are considered as one of the candidates for model protocells along

with other membrane-encapsulating entities*.

Clay minerals are of particular interest in terms of enabling the adsorption of organic molecules
and promoting chemical reactions®+%5. For example, both single- and double-stranded nucleic
acids have been shown to adsorb onto clay minerals®%57. In addition, nucleotides can
oligomerize on clay mineral surfaces®8. A simulation study showed that hydrophobic collapse
of peptide chains, an essential mechanism of protein folding, can occur within the clay layers®°.
In particular, montmorillonite, a natural clay mineral, is able to protect the catalytic RNA
molecule from intense UV radiation®® via the RNA-montmorillonite interaction, which is

influenced by the pH and divalent cations®'.

The silica surface, usually found as quartz or sand in its mineral form, plays a role in the
adsorption of biomolecules*6283 and in the polymerization of amino acids®4. Recently, an
experimental study has shown that mica surfaces, a group of silicate minerals, are capable of
promoting coacervation of quaternized dextran and single-stranded oligonucleotides®s. The
size and morphology, either single phase or biphasic, of the coacervates is determined by the
functionalization®®, i.e., the surface charges. The interaction between solid surfaces and lipid

membranes is the main focus of this dissertation. In all the experiments, a synthetic quartz-



like SiO- surface was used to induce self-spreading of lipid reservoirs and as a solid support

for lipid vesicles.

1.1.3 The earliest record of life on Earth

Given that the earliest biosignature remains controversial®6667, the search for unambiguous
evidence of the first living system is challenging. For example, the pseudofossil problem refers
to the argument that life-like microstructures in ancient rocks do not convincingly indicate the
presence of living organisms (microfossils), even though they fulfill numerous biogenicity
criteria®”-%%, On the contrary, these pseudofossils could have been produced by abiotic
chemistry. Despite the controversies, the 3.43 Gy-old stromatolites from the Pilbara Craton of
Western Australia have been documented as the oldest fossilé16:66.70-72 Stromatolites are
sedimentary rocks formed by microbial precipitation. Recently, five types of abiotic spheroidal
microstructures have been discovered in the Strelley Pool Formation of the Pilbara Craton73.
One type of these spheroid structures, with a subspherical vesicle bounded by a quartz grain
wall, could be interpretated by the authors as a possible microfossil. Together with the organic-
walled microfossils from 3.2 Gya’, they all resemble microbial colonies or eukaryotic
microorganisms in which a single cell is in physical contact with its neighbors, facilitating
material exchange. Stromatolites and microfossils provide us with a possible way in which the
first living cell existed. If the first living cell exists in the form of a population of cells, it seems
conceivable that the primitive cell could also have originated as a community of cells and then
evolved into the first living population of cells. This is an alternative way of understanding the
origin of life and evolution. | will introduce the concept of protocell populations and compare

them to modern cell populations in Section 1.1.6.

1.1.4 Hypothesis about life

Based on the environmental conditions on the early Earth, as well as the oldest microfossil
evidence of the first living entity, various theories of how life originated have been proposed.
In this section, | will discuss the possible sources of organic matter and then give an overview

of the established hypotheses that have had a major impact on the study of the origin of life.

Source of organic matter

Organic molecules are essential for the origin of life, especially for the formation of protocells.
Among these organics, amphiphiles, such as fatty acids and phospholipids, are of particular
interest for the formation of membrane boundary. Genetic fragments are another important
player as they are responsible for carrying hereditary information in protocell replication.
Amino acids are also within the scope, as they are the building blocks for proteins, which

perform sophisticated molecular machinery in the later period of life evolution.

7



It is believed that there are two proposed sources of organic matter on the early Earth.
According to the first conceivable circumstance, organic matter could have been delivered by
meteorites during the late heavy bombardment at the end of the Hadean eon, probably earlier
than 4.48 Gya’s. Amphiphiles present in the Murchison meteorite’® with short hydrocarbon
chains such as monocarboxylic acids can self-assemble into membranous vesicles””:78.
Recently, Oba and coworkers identified a variety of purine and pyrimidine nucleobases and
their analogs in carbonaceous meteorite extracts™. This work demonstrates the diversity of
nucleobases in meteorites that provide the building blocks for DNA and RNA synthesis under
probiotic conditions. In addition to the delivery of organic matter, the panspermia hypothesis,
which originated with the Greek philosopher Anaxagoras, suggests that a pre-existing living
system could have been delivered to Earth from extraterrestrial space®®-82. The associated
lithopanspermia hypothesis proposes the transport of microorganisms within rocks®o.
Theoretical and experimental work has been carried out to investigate the survival of living

matter in the space environment traveling from the initial planet to Earth®:.

The second plausible scenario is that organic molecules could have been synthesized under
the geothermal conditions of the early Earth. The formation of organic molecules from
inorganic precursors was first demonstrated by Miller and Uray in 195328. In their experimental
study, reducing gases such as methane, ammonia, and hydrogen, along with liquid water,
were kept in a sterile and sealed chamber, resembling the early Earth’s atmosphere. When
continuous heating and electrical sparks were artificially introduced into the system, several
amino acids such as glycine and alanine were detected. However, the atmospheric
composition assumed in this study has been challenged as inconsistent with the current model
of the early Earth. A re-evaluated experiment using neutral gas mixtures (carbon dioxide and
nitrogen) was performed and resulted in the production of a significant number of amino
acids®. Criticism on laboratory simulations remains, for example, the ingredients for prebiotic
synthesis should closely represent the geochemical conditions and not be predetermined by
the experimentalists®®. Later, experiments showed that mixtures of monocarboxylic acids and
alcohols were produced by Fischer-Tropsch synthesis under extremely high temperature
conditions (up to 400 °C), mimicking hydrothermal vents®687. In a recent study, long-chain
hydrocarbons up to 24 carbons were synthesized under hydrothermal conditions (~300 °C, 30
MPa) using iron and cobalt metals as catalysts®. A range of gases and organic molecules
including H>S, CH4, acetic acid and thiols have been detected in fluid inclusions in 3.5 billion-
year-old barites from the Dresser Mine®. The barites are interbedded with stromatolites,
suggesting that primordial ingredients are available in fluid inclusions and may have fueled

microbial communities®. Ménez and coworkers recently demonstrated a new routine for
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abiotic synthesis that occurred in fluid inclusion in olivine microcavities in deep-sea

hydrothermal vent environments, resulting in diverse polyaromatic materialss.

As particular interest for the compartmentalization of the protocell, phospholipid synthesis has
been demonstrated under prebiotic conditions®-91, In particular, phosphatidylcholine®? (PC)
and phosphatidylethanolamine® (PE) have been synthesized at temperatures ranging from
25 to 100 °C under prebiotically relevant conditions. Devaraj and coworkers reported the
synthesis of natural diacylphospholipids from enzyme-free conditions in water®. Phosphate
(PO4*) is important for prebiotic chemistry, especially for phospholipid synthesis®. However,
phosphate can react with Ca2* in water to precipitate in the form of apatite minerals, which
have low solubility. This makes it difficult to incorporate into the synthesis. A solution to this
problem can be found in the carbonate-rich lakes, where Ca?* is strongly precipitated by the
alkalinity of the carbonate, leading to the accumulation of phosphate®. On the early Earth,
carbonate-rich lakes could have formed from carbonic acid weathering of rocks in a COz-rich
atmosphere. Alternatively, phosphate can be produced by the reaction of the phosphide
mineral (schreibersite) in enstatite meteorites with HS- in water, catalyzed by UV light®”. A
recent study argued that reduced phosphorus may have been produced by lightning strikes

on the early Earth®.

Synthesis of nucleotides®-1%° and ribonucleotides under prebiotic conditions1.102 has also
been achieved. Ju et al. demonstrated the abiotic synthesis of ribonucleotides from
ribonucleosides in an aqueous droplet containing KH2PO. at room temperature©3. Sutherland
and coworkers reported the coproduction of purine ribonucleosides and purine
deoxynucleosides in the presence of UV light and sulfite’™*. Ribosylation of pyrimidine
nucleobases has recently been achieved using metal cations and clay minerals'%s. Jerome et
al. reported the conversion of ribonucleoside triphosphates to polyribonucleic acid containing
100-300 nucleotides catalyzed by mafic rock glasses'®. Sahai and coworkers reported RNA
polymerization in a prebiotic environment using amino acids and montmorillonite as
catalysts'%’. Free-thaw cycles were found to promote nucleotide activation and RNA

replication®. Aminoacyl-RNA synthesis was also demonstrated under prebiotic conditions'9°.

Condensation reactions including peptide synthesis, phosphorylation, oligomerization''?, and
DNA replication' can be promoted by the water-air interface. Rajamani and coworkers
showed that phospholipids can promote the formation of peptides and amino acids under dry-
wet cycles''?. Prebiotic peptide synthesis within fatty acid vesicles has also been

demonstrated!13.



Established hypotheses

Numerous hypotheses have been proposed and established to address the problem of the
origin of life. The primordial soup''4115, the RNA world''é, and the lipid world''” are the best
known. It was Oparin''# and Haldane''5118 who initiated the origin of life research in the 1920s
and proposed the concept of the primordial soup, an aqueous suspension of inorganic
molecules under the primitive oxygen-poor atmosphere. These molecules can undergo
chemical evolution, leading to prebiotic reactions and eventually the emergence of the first
forms of life. Oparin also introduced the term coacervate''4, a gel-like substance formed by
the aggregation of macromolecules such as proteins. Coacervates, as membraneless

compartments, can grow in size and potentially give rise to primitive cells.

The RNA world, proposed by Rich in 196219120 and named by Gilbert in 1986''¢, is a
hypothetical stage in the evolution of life where the RNA molecule can carry the genetic
information and catalyze the chemical reactions (ribozyme)''¢. In this hypothesis, self-
replicating RNA is considered to be the earliest genetic polymer capable of storing hereditary
information prior to DNA due to its single helix structure. Thus, it is a demonstration of the
information subsystem in the chemoton model (see Section 1.1.1), which is autocatalytic®.
RNA synthesis under prebiotic conditions was considered challenging for a long time until
recent studies demonstrated its feasibility'?.192. The RNA world hypothesis has been further
developed by other related theories, such as the ‘RNA-peptide world’*?!, which suggests an
intermediate period in the transition from the RNA-catalyst world to the protein-catalyst world.
This model is supported by the recent finding that non-canonical RNA bases can directly
establish peptide synthesis on RNA™2, implying the co-evolution of RNAs and peptides that

are covalently linked.

As explained in Section 1.1.1, one of the three subsystems in the chemoton model is the
membrane boundary. Amphiphilic molecules such as lipids can spontaneously form complex
structures such as micelles and bilayer membrane-enveloped vesicles. This has been
summarized in the lipid world hypothesis proposed by Segré, Ben-Eli, Deamer, and
Lancet'7123, Within the lipid assemblies, the encapsulated chemical reactants are in close
proximity and thus the reaction rate is enhanced'?*. According to the lipid world hypothesis,
amphiphiles have the ability to catalyze the self-generation process as an analogous concept
to ribozyme in the RNA world. Amphiphiles also have the ability to store genetic information
in the form of lipid composition and transfer compositional information to the next generation
of vesicle membrane'. A lipid membrane is considered autopoietic in the sense that it

“continuously produces the components that specify it, while at the same time realizing it as a
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concrete unity in space and time’126, An example is the reverse micelle system composed of
octanoic acid'?’. Lipid assemblies can also exhibit collective behaviors such as competition
and selection'®. Encapsulated RNA in fatty acid vesicles drives the growth of the vesicle
membrane, resulting in competition among protocells'?®. The experimental evidence
contained in this dissertation shows that lipid membranes can form nanotubular networks that
allow the exchange of encapsulated genetic polymers in adjacent compartments, as in Paper
Il, or act as microcontainers to accommodate enzymatic reactions, as in Paper lll. These
works could be conceptualized in the lipid world hypothesis and provide a model system for

future studies.

Considering the environmental conditions and the available hypotheses on the origin of life,
we can ask the next question: what are the possible places that favor the formation of
protocells and the evolution toward life? In today’s deep-sea hydrothermal vents, various
species of bacteria and archaea have been discovered despite the abnormal living conditions.
Therefore, the deep-sea hydrothermal vent is considered to be one of the plausible aqueous
environments for the origin of life'3°. There are two different types of submarine hydrothermal
vents: Black Smoker and Lost City. In Black Smoker hydrothermal vents, such as the Brandon
vent on the southern East Pacific Rise'3!, temperatures can reach 405 °C. The chemistry is
driven by the magma chamber and the seawater effluents from the vents are typically acidic
(pH=2-3), containing high levels of CO5, H>S, and H,. Such extremely high temperatures are
considered unsuitable for living systems, except for some microbial communities such as
hyperthermophilic archaea, which can survive at 121 °C (Reference 132). The second type of
hydrothermal vent, the off-axis vents, called the Lost City, was first discovered in 2001133,
where the geochemical process known as serpentinization takes place. Serpentinization
consumes the mineral olivine, sea water, and dissolved CO: to produce serpentine, magnetite,
brucite, Hz, and CHa. Because the hydrothermal fluids are not in close contact with the magma
chamber, it offers a much milder temperature (50-90 °C) and alkaline pH (9-11). Hypotheses
such as the iron-sulfur world'** and the zinc world'3> address the synthesis of organic
molecules in the hydrothermal vent. The local environment around the hydrothermal vent
supports the growth of microbial communities, particularly methane-cycling archaea'.
Microbial colonization of archaea and bacteria has been observed in the Old City, a Lost City
type hydrothermal vent discovered in 2021137, These mineral-adhered cells adopt rod or
coccoidal shapes, or are organized in filaments, providing a unique perspective on the
interaction between solid surface and soft matter, which is the focus of this thesis (see Chapter
2).
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Deep-sea hydrothermal vent has received much criticism, mainly due to its high salinity, which
is less conducive to self-assembly and polymerization of simple organic compounds?2138, As
an alternative to deep-sea hydrothermal vent, life could have originated in a freshwater
hydrothermal field. For example, the warm little pond hypothesis was first proposed by
Darwin'3® and was later elaborated by the hot spring water pond hypothesis proposed by
Damer and Deamer?425, The hydrothermal field can provide a dehydration-rehydration (dry-
wet) cycle. In the context of protocell formation, the dehydration phase allows amphiphilic
molecules adsorbed on surfaces to assemble into multilamellar structures'. Upon
rehydration, the dry multilamellar matrix would transform into a vesicle, potentially
encapsulating the polymers concentrated in the dehydration phase?+141.142, Several studies
have argued that dry-wet cycling would benefit the polymerization of biopolymers'43.144, |n
addition, dry-wet cycling alters the phase behavior and thus the compartmentalization of
coacervates'#®. The hot spring pond hypothesis was supported by the field study in the Pilbara
Craton of Western Australia’#6. A recent study by Rosas and Korenaga supported the origin
of life on land rather than in an oceanic environment based on modelling of the Archaean

seafloor'47.

1.1.5 Protocell compartmentalization

Compartmentalization is a common feature of all modern cells and is therefore considered an
essential step in the origin of life. The formation of compartments has a significant impact on
protocell capabilities®, such as replication'*® and metabolism'®10,  Various
compartmentalized protocell models have been proposed and developed to study the
emergence of primitive cells in the laboratory. Inorganic compartment model protocells include
rock microcavities®?, clay particles’®!, colloidosomes'®?, aerosols’®3, gas bubbles’®4, and ice
crystals'®5. Other model protocells include coacervates'56-158 formed by liquid-liquid phase
separation of macromolecules resembling membraneless organelles in cells, such as
aggresomes in bacteria'®® and Cajal bodies in eukaryotic cells'°. Since biological cells are
ubiquitously enveloped by lipid membrane and lipids may have been present on early Earth
(see Source of organic matter in Section 1.1.4) and self-assembled into membranous
compartments’®?, lipid vesicles are considered particularly valuable for the membranous
protocell model in many studies62163, and thus it is the focus of this dissertation. The aqueous
environment is fundamental for the self-assembly of amphiphiles into organized membranous
structures. Here, | will describe the formation of lipid-based membranous protocells in bulk

solution and on solid substrates.
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Protocell formation in bulk solution

Amphiphilic mixtures extracted from Murchison meteorites, such as monocarboxylic acids, are
capable of assembling into bilayer membrane vesicles in neutral pH to alkaline solution and
encapsulating hydrophilic molecules such as DNA and pyranine dye’”:164165. Formation of
long-chain (C10-C1s) fatty acid vesicles was also found to be favored in an alkaline
hydrothermal environment, i.e., pH ~6.5 and >12 at modern seawater salinity’®, and the most
favorable temperature for vesicle formation is ~70 °C. In addition, the stability of fatty acid
vesicles can be enhanced by incorporating C1o isoprenoids into the fatty acid membrane®7. It
has been shown that the fatty acid giant vesicles are capable of encapsulating RNA during
their self-assembly, and they can self-divide in the presence of excess micelles'®s. A
dehydration-rehydration event could promote the formation of single-chain amphiphile
vesicles at acidic pH and confer a selective advantage of thin-walled vesicles for RNA
encapsulation'4°. Encapsulation and redistribution of genetic polymers within the protocell are
the key steps in protocell replication and evolution. Freeze-thaw cycling allows mixing of RNA
substrates and ribozyme encapsulated in separate phospholipid vesicles without vesicle
fusion'®9, Similarly, thermal cycling induces disassembly and reassembly (membrane-oil
transition) of fatty acid vesicles, resulting in mixing of membrane lipids as well as encapsulated
RNAs'0. A recent study showed that the presence of double-stranded RNA can induce
aggregation of dipalmitoylphosphatidylcholine (DPPC) vesicles through sequence-dependent
RNA-lipid interactions'”'. The division of assembled protocells has also been demonstrated
using thermal convection that mimics fractures and compartments in porous rocks in a deep-
sea hydrothermal vent. Such temperature fluctuations, above and below the phase transition
temperature of the lipid membrane, drive the fission of phospholipid giant vesicles'”2. Stability
of lipid compartments under high concentration of Mars-relevant salt conditions and high
hydrostatic pressure has been studied, showing that giant vesicles composed of unsaturated
chain lipids would tend to shrink but maintain their integrity'”3. However, vesicular bilayer
membranes composed of long-chain saturated phospholipids may fold into a bicontinuous
cubic structure (non-lamellar lipid phase) when the magnesium perchlorate concentration
exceeds 0.25M.

Protocell formation on solid substrates

Clay montmorillonite, as available minerals under early Earth conditions(see Minerals and
rocks in Section 1.1.2) can serve as solid substrates to accelerate the assembly of fatty acid
micelles into vesicles'”4. Adding a small amount of montmorillonite (0.6 mg/ml) to the reaction
mixture was found to increase the rate of myristoleate vesicle formation by a factor of 100,

and the reaction rate increased linearly with increasing montmorillonite concentration as more
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mineral surfaces are available'”4. Self-assembly of phospholipids can also take place on glass
microspheres with a diameter of ~5 ym, resulting in the formation of giant vesicles. Upon
addition of oleic acid, these surface-supported giant vesicles can grow in size and divide to
produce daughter vesicles'”>. When a phospholipid multilamellar vesicle (MLV) interacts with
silicon oxide surfaces, a topological transformation occurs (Figure 2.1a), producing hundreds
of surface-adhered vesicular protocells that are interconnected with lipid nanotubes'’e.
Furthermore, the nucleation, growth, and fusion of the protocells can be enhanced by the
elevated temperature (see Paper | and Chapter 3). Changing the fatty acid ratio in the
phospholipid-fatty acid membrane gives the protocell network a different topology, for
example, vesicles adopt an elongated shape'””. In follow-up studies, Kbksal and coworkers
tested the interactions of MLVs with various natural surfaces, including olivine, granite, and
Martian meteorite, and observed foam-like protocell colonies'”8. In combination with fusogenic
agents such as calcium ions, aluminum oxide (Al>2O3), aluminum (Al), or silicon oxide (SiO2),
surface-adhered giant vesicles can undergo morphological transformations such as

invagination, subcompartmentalization, and pseudo-division'7®.

1.1.6 Protocell population and intercellular communication

It is widely believed that a single cell evolved from a protocell during the transition from non-
living to living systems. Given the earliest form of living cells, stromatolites (see Section 1.1.3),
which indicate the coexistence of individual bacteria in a confined microbial colony, is it
possible that populations of protocell were initially formed and evolved directly into the first

populations of living cells?

Hypotheses of protocell population

In their hot spring hypothesis, Deamer and Damer?® proposed that the progenote, a hydrogel-
like entity, can be formed in the transition phase during the dry-wet cycle of the membranous
protocell in a small pond. The progenote resembles the protocell population, and within the
protocell population, each individual protocell is in physical contact with the neighboring
protocells, allowing them to exchange metabolic materials and collectively adapt to
environmental changes. A similar scenario has been proposed by Walton and Shorttle, called
the scum hypothesis, where a multicompartmentalized microlayer consisting of aggregated
amphiphile vesicles could have formed near the air-water interface in a dilute aqueous
environment'8. Compared to individual free-floating vesicles, this foam-like scum layer could
provide better preservation and sharing of genetic material, as well as pronounced enrichment

of prebiotically relevant reactants such as phosphorus'8!.
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Experimental approaches toward protocell population

Compared to a single protocell, a population of protocells allows individual members to
communicate in terms of content exchange, establish physical contact and interaction with the
neighboring entity, cooperate and exhibit collective behaviors, and minimize the destructive
effect for each protocell from environmental changes. A simulation study showed that
multicellular aggregates could perform chemotaxis more efficiently than single cells'82. While
most studies focus on the functionality or complexity of individual protocells83-185 recent
efforts have been made to develop model systems of protocell populations to address this
aspect'®.187, Protocell populations have been created from various types of materials, such
as lipid vesicles, protein-polymer conjugates, and coacervates, and have achieved
rudimentary functionality to some extent, such as morphological differentiation® and quorum
sensing'89.1%0, Prototissues, for example, in which protocells are in close contact, can be made
using 3D-printing®®', microfluidic devices'?-194  optical tweezers'®, magnetic fields96:197,
sound waves'®8, or chemical linkers'99-205, |n addition, surface-adhered vesicle-nanotube
networks have been created to study the intercellular transport of small molecules?2%. All of
these artificial systems require sophisticated fabrication and manipulation techniques, and are
therefore less relevant to early Earth conditions. Nevertheless, there are few examples of
protocell population that are foam-like vesicular structures formed spontaneously by either the
phospholipid vesicles with designed membrane composition on solid substrates'”8207 (Figure

1.3) or the mixtures of amphiphiles extracted from Murchison meteorites®5.
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fluorite

Figure 1.3. Confocal micrograph of foam-like protocell colonies formed spontaneously on a fluorite
surface over the course of three days. Reprinted with permission from Reference 178. Copyright 2022
Wiley-VCH GmbH.

Cell-cell communication and tunneling nanotubes

Looking at single cells today, what are the possible ways for protocells to communicate? In
eukaryotic multicellular organisms, intercellular connections are established by cell junctions,
which allow the transport of electrical current and small molecules, and are represented by
gap junctions in animals?°®, plasmodesmata in plants?%®, and septal pores in filamentous
fungi’®. In the scenario where animal cells are motile, cell-cell adhesion is strongly inhibited
(contact inhibition of locomotion) when migrating cells collide with another cell?'-213. The
molecular mechanism of this process has been elucidated and is characterized by sequential
steps including cell-cell contact, inhibition of protrusions, contraction of protrusions, and
repolarization and migration away from the collision3. In collective cell migration scenarios,
cadherin-based adhesion complexes at interface of cell-substrate as well as cell-cell junctions,

are used to achieve coordinated movements, for example in tissue organization?'4.

Intercellular communication in bacterial cells is of a special nature. Living in a biofilm
environment, bacteria can perform quorum sensing by emitting low molecular weight signaling
molecules that can diffuse and be captured by the other cell within the population to regulate
gene expression and thus population density?'s. Similarly, quorum sensing has been

discovered in yeast using aromatic alcohols and oxylipins as signaling mediators to induce
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morphological changes?'6. In addition, long-distance communication among yeast colonies
can be mediated by the volatile gas ammonia, resulting in the regulation of colony
density?16217, Electrical sensing has been recognized as a novel communication mechanism
in the bacterial biofilm of Bacillus subtilis (B. subtilis), such that potassium ions released by
the starved cell can regulate the transmembrane voltage and thus the nutrient consumption
of the cells at the periphery of the biofilm2'8219, In this way, nutrients can be retributed and
made available to the starving cells in the interior of the biofilm. When bacteria encounter
surfaces, they can perform tactile sensing using their flagellar motor as a sensor to promote

the synthesis of polysaccharide adhesin and thus surface anchoring?.

In addition to quorum sensing and electrical sensing, which are diffusive chemical
communications, bacterial cells within communities exhibit contact-based physical interaction
and spatial organization in colony structures®?'. Xiong et al. showed an example of physical
interaction between two different bacterial species in a microbial colony??2. They observed that
when both species grew in the same colony, the non-motile Escherichia coli (E. coli) hitchhiked
on the motile Acinetobacter baylyi (A. baylyi) cells, resulting in the formation of a floral pattern
in the colony (Figure 1.4). In an additional experiment, colonies of these two species were
initially separated, and as the colonies grew, the A. baylyi colony pushed the E. coli colony

away, forming a floral pattern in certain directions22,

cusp
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Figure 1.4. Floral pattern generated by the co-culture of E. coli and A. baylyi cells with E. coli cells

hitchhiking on A. baylyi cells. Reprinted with permission from Reference 222. Copyright 2020 under
Creative Commons license (CC BY 4.0).
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Bacterial cells such as B. subtilis and E. colican form intercellular nanotubular conduits, known
as tunneling nanotubes (TNTs), between the same or different species. These F-actin-
containing membrane nanotubes allow long-distance transport of cytoplasmic molecules,
plasmids and organelles between neighboring cells??® (Figure 1.5a). PospiSil and coworkers224
show the evidence that bacterial nanotube formation is associated with stress condition and
cell death. The authors suggest that nanotubes are a post-mortem phenomenon involved in
cell disintegration, but are unlikely to be involved in the exchange of cytoplasmic content
between living cells. The mechanism of bacterial nanotube formation is controversial. A study
by Baidya et al. suggests that bacteria may use cell wall remodeling enzymes for nanotube
extrusion and penetration into target cells??5. Recently, nanotube connections between marine
bacterial cells have also been discovered??. In addition to the exchange of cytoplasmic
contents, nanotubes could induce bacterium-bacterium and bacterium-organic matter
interactions, leading to the formation of microaggregates on coastal marine surface2.
Surprisingly, TNTs have also been observed in membrane-containing viruses.
Bacteriophages can transform their lipid vesicles into proteo-lipid tubes to penetrate the

bacterial cell envelop and allow their double-stranded DNA to be delivered into the host cell??7.
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Figure 1.5. Tunneling nanotubes in bacterial, eukaryotic, and archaeal cells. (a) Scanning electron
microscope image of membrane nanotubes in E. coli bacteria. Reproduced with permission from
Reference 223. Copyright 2011 Elsevier. (b) Fluorescence micrograph showing the formation of
nanotubes after contact between infected (red) and uninfected (green) T cells. The nanotubes allow
HIV virus to spread between T cells. Reproduced with permission from Reference 228. Copyright 2008
Springer Nature. (c) Confocal micrographs of migrasomes in migrating NRK cells. Reproduced with
permission from Reference 229. Copyright 2014 Springer Nature. (d) Scanning electron microscope
image of nanotubes bridging a cluster of Thermococcus cells (archaea). Reproduced with permission
from Reference 230. Copyright 2021 Oxford University Press.

In fact, TNTs were first discovered in mammalian cells in 200423, and they are ubiquitous in
three domains of cellular life as an effective means of intercellular communication without
crossing the membrane boundary?32-235 (Figure 1.5). With diameters of 20-700 nm and lengths
of up to 100 um (Reference 232), mammalian nanotubes hovered over the substrate allow the
selective transfer of membrane vesicles and organelles and hinder the passive transfer of
small molecules such as fluorescent dye calcein between connected cells23'. TNTs can also
facilitate the bidirectional propagation of electrical signals (ionic currents) between distant
cells?3, Two proposed mechanisms have been proposed for nanotube formation in animal

cells?¥”: a membrane protrusion originating from one cell extends to neighboring cells?3'; two
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cells make contact and then move apart®?® (Figure 1.5b). Recently, super-resolution imaging
elucidated the developmental process of TNTs in the Hela cell, which is initiated by the contact
of filopodia extending from each cell to form a double filopodial bridge®3. The mechanically
deformed double filopodial bridge is then transformed into a closed-ended TNT. A study
showed that TNTs in migrating tumor cells can indeed interact with the fibrous
microenvironment that mimics the extracellular matrix, and nanotube formation is dependent
on cell migration2®. In particularly, the velocity of nanotube-mediated intercellular transport of

cargo was found to be lower in a longer nanotube.

The formation of TNTs can be triggered by a variety of viruses, and the formed nanotubes can
be used to spread infection?40. For example, nanotubes generated by T cell contact may have
mediated HIV transmission from the infected to uninfected T cells??8241 (Figure 1.5b). Similarly,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can hijack TNTs and spread
between human neuronal cells?#2. Nanotubes also mediate inter- organelles communication.
Mitochondrial nanotunnels, double-membrane protrusions that connect donating and
receiving mitochondria, allow the transport of membrane proteins, ions, and RNA243,
Migrasomes, the newly discovered extracellular vesicles, are generated at the intersection of
retraction fibers, membrane protrusions left behind by migrating cells229.244.245 (Figure 1.5c).
Once the retraction fiber breaks, proteins and mRNA encapsulated within migrasomes can be

released and taken up by the recipient cells, i.e., migracytosis?46.

Membranous nanotubes are also discovered in archaea3°. Ca. P. syntrophicum, archaea from
deep-sea sediments, has long and branched membrane protrusions®4’. Halophilic archaea
can form cell-cell bridges similar to nanotubes (50-100 nm wide) between the mating cells and
facilitate the exchange of ribosomes as well as long filamentous structures?48. Thermococcus
species of hyperthermophilic archaea can form more than one nanotube (up to three) with
diameters of 60-80 nm connecting the neighboring cells, and these nanotubes have been

suggested to be involved in cell-cell communication®*® (Figure 1.5d).

In this thesis, the spontaneous formation of protocell-nanotube networks between surface-
adhered protocells has been observed (see Section 1.3.8 and 1.3.9), and the formation
process can be sufficiently enhanced by increasing the local temperature (see Section 1.3.9),
as presented in Paper I. The nanotubes within the networks allow the transport of molecules
between the connecting protocells, driven by the concentration gradients (see Section 1.3.10),

as presented in Paper II.
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1.2 Surface energy and the possible implication of surfaces

Minerals and rocks as natural solid surfaces were abundant on Earth during the Hadean Eon
(4.5-4 Gya) and the Early Archean Eon (4-2.5 Gya), covering the period of the transition from
non-living to living. As it has been highlighted in Minerals and rocks in Section 1.1.2 as well
as Protocell formation on solid substrates in Section 1.1.5, surfaces play an important role
throughout protocell formation and evolution, particularly lipid adsorption, accelerated
compartmentalization, and membrane topological transformation. In this section, | will
introduce the concept of surface free energy to better illustrate how the interplay between soft
matter and solid substrates could potentially impact chemical communication and physical

interaction among membranous protocells.

1.2.1 Surface free energy and wetting phenomena

The surface free energy of solid materials results from the excess energy present in the
molecules located at the interface compared to those in the bulk phase. Molecules in the bulk
phase experience a balanced set of interactive forces from their neighboring molecules,
whereas molecules at the interface lack cohesive interaction from their neighbors in all
directions (Figure 1.6). This results in the presence of unsatisfied bonds in the molecules at

the interface, ultimately leading to an increase in the surface free energy.

- Interface

P

Intermolecular forces

Figure 1.6. Intermolecular forces in the bulk phase and at the interface of a solid material.

When a block of solid material is split into two separate pieces, the intermolecular bonds within

the material are disrupted and two new surfaces are created. In such a scenario, the surface
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energy (o) can be related to the work (W) required to break the material and the area of the

newly created surfaces (4):

(1.1)

Surface energy is expressed in units of energy per unit area (mJ/m?2) or tension per unit length
(mN/m). To minimize its surface energy, a solid surface tends to establish physical contact,
i.e., intermolecular interaction, with other matter such as air, water, and surfactants, a
phenomenon known as wetting. For example, a spherical water droplet will adhere to and
spread out on a solid surface. The degree of wetting, or wettability, can be characterized by
the contact angle (6), which is the angle between the liquid-vapor interface and the solid-liquid
interface. The balance of surface tensions at the solid-vapor interface (ys,), the solid-liquid
interface (ys.), and the liquid-vapor interface (y,,) determines the contact angle, which is

expressed in Young’s equation:

Ysv = ¥s. + YLy cos B
(1.2)

In high energy surfaces (o > 100 mM/m)2%0, the intermolecular interactions involve strong
chemical bonds such as covalent, ionic, or metallic bonds that require a significant amount of
energy to break. Metals, metal oxides, and glasses are some examples of high energy
surfaces?®0. These hydrophilic surfaces have a contact angle that is less than 90°, indicating
that the surface is easily wetted (Figure 1.7a). Total wetting occurs when the contact angle is
zero. In contrast, low energy surfaces (o < 50 mM/m) such as polymers SU-8 and Teflon AF,
are bound together by relatively weak physical forces, such as van der Waals forces and
hydrogen bonds?%0. As a result, less energy is required to break the molecular interaction. The
contact angle for low energy surfaces exceeds 90° (Figure 1.7b), which inhibits surface
wetting. Surfaces that achieve a contact angle greater than 150° are considered
superhydrophobic (Figure 1.7c) and are able to repel water, resulting in a phenomenon known
as the lotus effect, which allows for of self-cleaning properties?5'. In addition to hydrophobicity,
other properties such as surface charge and surface topology (roughness) can affect the way

a surface interacts with soft materials such as lipid membranes?52-255,

22



Y,
Gas Y
Liquid 0 B bd r_, 4—%
Solid VsL VSV
Hydrophilic Hydrophobic Superhydrophobic
6 <90° 6> 90° 6> 150°

Figure 1.7. Wetting of liquid on different solid surfaces: (a) hydrophilic, (b) hydrophobic, (c)
superhydrophobic.

1.2.2 Surfaces used in this thesis and their natural analogues

In the context of the origin of life, natural surfaces in the form of minerals and rocks, have
intrinsic energy that could have been harvested by amphiphiles to develop membranous
structures and even to undergo further shape transformations such as the division of vesicular
protocells. In the early Earth environment, SiO: could be found in its crystalline mineral, quartz,
which was abundant on the Hadean Earth. In the works presented in this thesis, engineered
SiO:z (see Section 6.2 for the preparation of surfaces) were used as a high energy surface for
the interactions with lipid membranes. In Paper lll, the SiO. surface provides adhesive support
for giant vesicles during their fusion with cationic liposomes. In Paper | and Il, SiO2 surface
enables the spreading of lipid reservoirs as a double bilayer membrane and induces the
rupture of the upper membranes (with respect to the surface), leading to the formation of

protocell-nanotube networks.

1.3 Lipid membrane

Cells in all domains of life are separated from their external environment by two-dimensional
lipid membranes, which also serve to compartmentalize and facilitate essential functions in
protocell formations (see Section 1.1.5). However, the origin and evolution of these
membranes remains an open question. It has been suggested that after the last universal
common ancestor (LUCA), the lipid divide occurred in the early evolution of lipid
membranes?56.257  referring to the difference in membrane lipid chirality between bacteria and
eukaryotes, and archaea. Specifically, phospholipid membranes in bacteria and eukaryotes
are composed of ester-linked fatty acids, whereas archaeal membranes contain ether-linked
isoprenoid-chains. Thus, it is theorized that the LUCA membrane lipids would have been

heterochiral25é.
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In this section, | will describe the self-assembly mechanism of lipid molecules and the
energetic perspective of the formation of protocell-nanotube networks, which is a key model
system in this dissertation. | will also highlight the nanotube-mediated cargo transport between
protocells, and discuss membrane fusion and membranous compartment migration, which are

crucial for protocell formation and evolution.

1.3.1 The chemistry of lipid molecules

Cell membranes are predominantly composed of lipids, which are amphiphilic molecules with
hydrophilic headgroups and hydrophobic tails. Phospholipids (Figure 1.8a), which consist of
fatty acid tails (Figure 1.8b) linked to a phosphate headgroup through a glycerol backbone,
are a common type of lipid in cell membranes. The length of the hydrocarbon chains in the
fatty acid tails ranges from 10 to 18 carbons, and unsaturated carbon-carbon bonds may be
present. The phase transition temperature at which lipids change from the ordered gel phase
to the disordered liquid crystalline phase typically increases as the chain length increases or
the number of unsaturated bonds decreases?®®. The phosphate headgroup can be a simple
phosphatidic acid or it can be decorated with different functional groups as in PC or PE. These
modifications affect the charge of the headgroup and thus the overall charge of the lipid.
Cardiolipin (Figure 1.8c), a lipid with two phosphate headgroups and four fatty acid chains,
can be synthesized by combining two phosphatidic acids. This lipid is mainly found in the inner
mitochondrial membranes and can stabilize the negative membrane curvature®®. The focus
of this dissertation is on the protocell membranes, which are mainly composed of bacterial (E.

coli) and plant (soybean) phospholipids, which are specifically discussed in Paper | and Il.
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Figure 1.8. Examples of natural and synthetic lipid molecules. (a) Phospholipid, (b) fatty acid, (c)
cardiolipin, (d) sphingolipid, (e) cholesterol, (f) archaeal ether lipid, (g) archaeal bolalipid, and (h)
cationic lipid.

In addition to phospholipids, there are other types of lipids that contribute to the structure and
function of the cell membrane, as shown in Figure 1.8. Sphingolipids (Figure 1.5d) are similar
in size to glycerol-based phospholipids, but are synthesized from the precursor sphingosine,
which has a long hydrocarbon chain (C=18). Sphingolipids play important roles in cell
recognition and signaling?°. Cholesterol (Figure 1.8e) has a unique structure consisting of
four hydrocarbon rings and a hydrocarbon tail, as well as a hydroxyl group. Its presence in the
membrane affects the fluidity and mechanical properties of the lipid bilayer261.262,
Lipopolysaccharides are found exclusively in the outer membrane of Gram-negative bacteria,
where they form a permeability barrier that protects the bacterial cell from certain chemical
attacks, such as antibiotics?®. In the presence of divalent cations such as Ca?,
lipopolysaccharide can be cross-linked into two-dimensional elastic networks?64. Unlike the
conventional lipids mentioned above, which form bilayer membranes, bolalipids/bipolar lipids
(Figure 1.89) consist of two extended hydrocarbon tails capped by two polar headgroups and
organize as a monolayer in archaeal membranes?5. They can adopt two different
configurations in the membrane: the "O-shapes", in which the polar headgroups are located

on opposite sides of the membrane, or the "U-shapes", in which both polar headgroups are
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located on the same side of the membrane?66. Archaeal membranes also contain distinct ether
phospholipids (Figure 1.8f), in which isoprenoid chains are linked to glycerophosphate
headgroups via ether bonds?¢”. Ether lipids allow archaeal membranes to maintain a liquid-
crystalline phase over a wide temperature range (0-100 °C)%6¢ and exhibit very low
permeability to ions and small molecules?®”, which is thought to contribute to the survival of
archaea under extreme environmental conditions, such as high pressure and temperature

(see Section 1.1.4).

From an evolutionary perspective, fatty acids have been proposed as the building blocks for
protocell membranes before phospholipids due to their simpler structures. Compared to
phospholipid membranes, fatty acid membranes are more permeable and have a significantly
higher flip-flop rate (milliseconds versus days)?6%-271, the time it takes for a lipid to translocate
from one leaflet to the other in a bilayer. In addition, fatty acid membranes are more sensitive
to the local pH and lipid concentration. It has been proposed that while fatty acid membranes
were present in primitive protocells, they transitioned over time to phospholipid-dominated
membranes, resulting in the hybrid membranes of the transitional phase?’°. This hybrid

membrane provides an advantage in membrane growth.

In addition to natural lipids, synthetic lipids with unique surface charges and membrane
organization have been used in many biotechnological applications, particularly in cell
transfection?”2. Lipid vesicles (see Section 1.3.5) and lipid nanoparticles made of cationic lipids
(Figure 1.8h) or ionized lipids serve as carriers for drug delivery?73274 In Paper Ill, we
demonstrated the delivery of various biologically relevant molecules, including RNAs, DNAs,
and proteins into cell-sized giant vesicles using the cationic lipid dioleoyl-3-

trimethylammonium propane (DOTAP) (Figure 1.8h).

1.3.2 Self-assembly and hydrophobic effect

Water molecules have a tendency to form hydrogen bonds with neighboring water
molecules?”®. When lipids are added to the solution, the nonpolar moiety of the lipids disrupts
this network and reduces the number of available orientations of the water molecule. As a
result, the entropy of the system decreases, leading to an increase in the Gibbs free energy
G (AG = AH — TAS, where H is the enthalpy and T is the absolute temperature). To minimize
the free energy of the system, lipids self-assemble into organized structures with a
hydrophobic core, which expels water molecules and allows them to regain their orientations,

leading to an increase in the entropy of the system.
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Lipid self-assembly leads to the formation of different energetically favorable structures. This
process is highly dependent on the geometry of the lipid molecules, which can be evaluated
by the critical packing parameter (CPP)?78, defined as CPP =V /al, where V is the volume of
the hydrophobic tails, a is the cross-sectional area of the hydrophilic headgroup, and [ is the
length of the hydrophobic tails. Depending on the value of CPP, lipids can form different
structures: spherical micelles (CPP < 1/3) for cone-shaped lipids, cylindrical micelles (1/3 <
CPP < 1/2) for truncated cone-shaped lipids, and bilayers (1/2 < CPP < 1) for cylindrical

lipids?77. Inverted micelles or microemulsions are preferred when CPP > 1(Reference 277).

1.3.3 Membrane surface energy

Lipid membranes are only nanometers thick, much smaller than their lateral dimensions, which
can be as large as micrometers. Therefore, when studying membranes on a scale significantly
larger than the size of a single lipid molecule, it is appropriate to treat the three-dimensional
lipid membranes as two-dimensional rigid sheets exhibiting elastic and fluidic properties. This
can be accomplished using the continuum model. The elastic energy of a lipid membrane,

denoted by F, can be described as:

K
F = f dA [E(Cl + ¢, —¢p)? + Kcycp + a]

(1.3)

The first and second terms in the integral represent the Helfrich membrane curvature
energy?’8. The first term is the bending energy of the membrane, where dA is the surface area
element and k is the bending rigidity. The bending rigidity corresponds to the energy required
to change the membrane curvature and is typically on the order of tens of k,T?7°. The value
of k is significantly affected by the lipid composition and the ionic concentration in the
solution28%, ¢, and ¢, are the two principal curvatures of the membrane, while ¢, is the
spontaneous curvature. The spontaneous curvature arises as a result of the asymmetry
between the inner and outer leaflets of the bilayer membrane?8!. Positive or negative
membrane curvature is essential for various dynamic cellular processes, such as migration,
fusion, and division, which require deformation of the cell membrane. Membrane curvature
can be induced, for example, by altering the lipid composition or by using membrane
proteins282, |n all model membrane systems studied in my dissertation, spontaneous curvature
can be considered negligible since the lipid compositions are identical in both leaflets of the

membrane.
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The second term in the integral, ic, c,, corresponds to the Gaussian curvature. The Gaussian
modulus ¥k is of the same order as k, but has a negative value?®3. If there is no significant
topological change in the structures of interest, the surface integral over the Gaussian
curvature remains constant, making the value of i irrelevant. When a nanotube transforms
into a spherical vesicle, the Gaussian curvature term can be disregarded, and the bending

energy term dominates the membrane curvature energy.

The third term in the integral represents the membrane tension, denoted by o. Relaxed
membranes have low membrane tension and may be subject to fluctuations. Mechanical
stretching can increase membrane tension, leading to an increase in membrane area and a
corresponding increase in the distance between individual lipid molecules. However, the lipid
membrane can only stretch up to 5% of its initial area?”® before the membrane tension reaches

the lysis tension (approximately 5-10 mN/m), causing the membrane to rupture284,

1.3.4 Formation of vesicles

Due to the hydrophobic effect, lipids can self-assemble into a bilayer in an aqueous
environment, adopting the shape of a free-standing bilayer disk, as shown in Figure 1.9a. To
prevent the hydrophobic moiety of the lipids from being exposed to water molecules, the lipids
at the periphery of the bilayer disk arrange themselves into micelle-like structures where the
inter-lipid distance is greater compared to the lipids in the center of the disk. This spatial
organization of the lipids imposes an edge energy cost?®°. The edge energy E.q4. is

proportional to the radius of the bilayer disk, r:

Eeqge = 2nry
(1.4)

where y is the edge tension (5-10 pN)286-288, |n the context of a growing bilayer disk induced
by increased lipid concentration, the cost of edge energy increases accordingly. To overcome
this energy cost, the free-standing bilayer disk undergoes a spontaneous bending process
that results in the formation of a spherical vesicle with a radius R (R = r/2), as shown in Figure
1.9b. The energy cost associated with this transformation can be quantified in terms of the

bending energy of the resulting vesicle:

Ebend = 4‘7T(2K + IE)
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where k is the bending modulus and i is the Gaussian modulus. The bending modulus
typically has a value of 10-20 k, T (Reference 279), while the Gaussian modulus is of the same
order of magnitude but with a negative sign. The shape transformation is determined by the
ratio of the bending energy of a vesicle, Ej,.4, to the edge energy cost of a bilayer disk, E¢qge.
If Epena/Eeage < 1, vesicle formation is favored. The critical radius for the bilayer disk can be

calculated, above which the bilayer disk will bend and form a spherical compartment.

4n(2K + K)
—<1
2nry
(1.6)
22k + K
|4
(1.7)

Therefore, when the radius of the free-standing bilayer disk, r, exceeds 20 k,T/10 pN
(approximately in the nanometer scale), the disk will undergo bending and transform into a

vesicle with nanometer dimensions.

Figure 1.9. Transformation of a free-standing bilayer disk (a) into a spherical vesicle (b).
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1.3.5 Phospholipid vesicles

Phospholipids have the ability to spontaneously assemble into vesicles in an aqueous
environment. The resulting vesicles can be categorized by size, including small (<0.1 pm),
large (0.1-1 um) and giant vesicle (>1 um). Vesicles can also be identified by their lamellarity,
such as unilamellar or multilamellar vesicles (see Section 6.1 for vesicle preparation). Small
and large unilamellar vesicles (SUVs and LUVs, Figure 1.10a) closely resemble extracellular
vesicles found in biological systems?®, and are of great interest for drug and vaccine
delivery?73274, Giant unilamellar vesicles (GUVs, Figure 1.10b) are cell-sized compartments
that have been used as model protocells and synthetic/artificial cells2?. In Paper lll, positively
charged SUVs were used as carriers to deliver molecular cargo into surface-adhered GUVs
via membrane fusion. MLVs (Figure 1.10c) are “onion-shell” membrane structures containing
multiple densely packed lipid bilayers. They are found in biological cells known as lamellar
bodies??!, which are lipid-protein complexes that serve as lipid stores?®2, in addition to the
intracellular organelles called lipid droplets, which consist of a neutral lipid core surrounded
by a phospholipid monolayer membrane2®. In Paper | and Il, MLVs were exploited as lipid
reservoirs. Their self-spreading on solid surfaces (see Section 1.3.7) initiates the generation
of surface-adhered protocell-nanotube networks as well as flat giant lipid compartments. Since
the lipid reservoirs are connected to the subsequently formed structures, the lipids within the

MLVs are continuously extracted from the reservoirs and eventually depleted.
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Figure 1.10. Lipid vesicles of different sizes and lamellarities. (a) Small unilamellar vesicle, (b) giant
unilamellar vesicle, and (c) multilamellar vesicle.
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1.3.6 Supported lipid membranes

Biological membranes are intricate and dynamic structures composed of lipid bilayers and
membrane proteins that are either embedded in or attached to them. In order to study the
underlying membrane-based cellular processes as well as their potential biotechnological
applications, planar membranes on solid supports have been extensively reconstituted with
bespoke components and widely used as model systems?2?4. These model systems have been
used to study, for example, membrane-membrane recognition in immune responses?®®> and

directional transport of molecular cargo on membranes?2°¢,

One way to obtain a supported membrane is the Langmuir-Blodgett?®”/Langmuir-Schaefer
technique298.2%9, |n brief, a solid substrate is immersed in an aqueous solution where the water-
air interface is covered by lipids. The substrate is then pulled out of the solution, resulting in
the deposition of the lipids onto the substrate. Another approach to the formation of supported
membranes is the rupture of surface-adsorbed SUVs?%4300. SUVs are brought to the solid
substrate, and upon adhesion, they rupture to form small bilayer membrane patches. When
the substrate is fully covered by them, they eventually fuse to form a continuous supported
membrane. The basal membranes of surface-adhered GUVs can be considered supported
membranes79:301, |n the presence of strong surface adhesion, GUVs will also rupture and form

supported membrane patches302-305,

An alternative method for the formation of supported membranes is the self-spreading of lipid
reservoirs in the form of MLVs. Self-spreading occurs spontaneously due to the minimization
of the free energy in the system and is a wetting phenomenon (see Section 1.2.1). Depending
on the nature of the solid substrate, such as its hydrophobicity and surface charge, the
adhered lipid reservoir can spread in the form of a monolayer36.:307, a single bilayers®83% or a
double bilayer membrane76:284309 (see Section 1.3.7). Monolayer spreading is favored on
hydrophobic substrates, such as SU-8 photoresist or Teflon amorphous fluoropolymer (AF)
resin3%, while single bilayer spreading is observed on glass substrates3®®3% and double
bilayer spreading on SiO,'76284309  |n the case of supported single and double bilayer
membranes, a thin layer of water (1-2 nm) is trapped between the bilayer and the

substrate310.311,

Fusogenic agents, such as multivalent ions, facilitate the adhesion of supported membranes
to negatively charged hydrophilic substrates. Ca?* and Mg+ have been shown to create
pinning sites by bridging the phosphate headgroups of lipids to the substrate3'2313, thereby
promoting adhesion. The degree of pinning can be modulated by adjusting the ionic

strength3'4, for example by introducing chelators79:315,
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1.3.7 Double bilayer spreading

The self-spreading of a lipid reservoir on a solid substrate is a manifestation of the tension-
driven mass transfer of lipids known as the Marangoni flow. During this process, lipids from
the reservoir continuously flow towards the edge of the double bilayers membrane in a
treadmill-like motion3%, as shown in Figure 1.11. The driving force for this spreading is the
free energy gain in the system where the tension gradient must be satisfied. This means that
the surface tension of the solid substrate wetted by the lipid (g;) must be lower than the surface

tension of the solid substrate wetted by the aqueous solution (g,):

05 = 04— 0y
(1.8)

Taking into account the internal tension of the lipid reservoir (o,), which opposes the

spreading, the spreading power (S) is thus given by:

S=0,—09=0,—0,— 0
(1.9)

Spontaneous spreading occurs when the spreading power has a positive sign, indicating that

o, > o; and g > agy.

S
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Figure 1.11. Self-spreading of double bilayers on a solid substrate.

Divalent cations, such as Ca?*, can bridge the negatively charged surface and the phosphate

headgroups of lipids®'é, thereby enhancing the spreading of MLVs. The spreading of lipid
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reservoirs results in surface-adhered double bilayer membranes that are homogeneous in lipid

composition, as presented in Paper | and Il.

1.3.8 Membrane rupturing and nanotube formation

The spreading process is driven by the continuous adhesion of the membrane to the solid
substrate. When the lipid reservoir is completely depleted, resulting in insufficient lipid supply
for spreading, the distal membrane (upper bilayer with respect to the substrate) is stretched.
Consequently, the membrane tension increases and when the membrane tension surpasses
the lysis tension (5-10 mN/m), the distal membrane ruptures?®*. The propagation of the
membrane rupture leads to the immobilization of the distal membrane patch, which is pinned
to the proximal membrane by the Ca?* in the ambient buffer solution. The edge of this pinned
membrane patch is rapidly elongated by the continuous retraction of the distal membrane,
resulting in an increase in the edge energy cost of the rectangular membrane patch, which is

proportional to the patch length (I) and the edge tension (y) (5-10 pN)?286-288;

Eeage = ly
(1.10)

To reduce the edge energy cost, the membrane patch tends to form a toroidal nanotube’78.
The bending energy of a lipid nanotube with a length [ and a radius r can be calculated using

the Helfrich bending energy equation?78:

ik
Epena = r

(1.11)
If the edge energy of the membrane patch is greater than the bending energy of the nanotube,

nanotube formation becomes energetically favorable.

E
bend <1

Eedge

(1.12)

K
ry

(1.13)
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K
r>—

(1.14)

This suggests that a rectangular bilayer patch of a few nanometers long would bend to form

a nanotube.

The surface free energy of a lipid nanotube adopts the form of

ik
F = T + 27rlo

(1.15)

where the first term is the bending energy, and the second term is the lateral membrane

tension.

The free energy of the nanotube per unit length is then given by:

franotube = T + 2nro

(1.16)

An expression for the equilibrium radius of the nanotube can be derived as follows:

o= 20
(1.17)

The equilibrium radius of a lipid nanotube is determined based on a balance between the
membrane bending modulus x (10-20 k,T )?”° and the membrane tension ¢ (0.01-0.05
mN/m)317.318, Therefore, the typical radius of a lipid nanotube is about 50 nm, which is
consistent with observations in biological systems such as TNTs232319 (see Section 1.1.6) and

migrasomes?#4, as well as in artificial systems320.321,

1.3.9 Formation of protocell-nanotube networks and the temperature effect
Lipid nanotubes resulting from membrane rupture have higher membrane curvature than
spherical vesicles, which is unfavorable in terms of membrane surface free energy. The

transformation of a nanotube into a vesicle reduces the membrane curvature and minimizes
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the free energy of the system. Semispherical protocells nucleate from the intersection in
nanotube networks'76:315 and grow over time into spherical compartments with a continuous
supply of lipid materials. These protocells are interconnected by lipid hanotubes in a protocell-

nanotube network, which was investigated in Paper | and II.

The time scale for protocell vesiculation typically ranges from hours to days at room
temperature, but it can be significantly shortened by physical stimuli such as elevated
temperature. In Paper |, we demonstrated that local heating accelerates the nucleation and
growth of protocells. An increase in temperature leads to an increase in membrane fluidity and
membrane tension®??. As a result, the Marangoni flow occurs in such a way that lipids migrate

at a higher rate toward the heated, high-tension region, facilitating the maturation of protocells.

The mature protocells within the network that have established physical contact with neighbors
can undergo fusion, which is facilitated by an increase in temperature. This process results in
fewer compartments of larger diameter. In Paper |, we combined experimental observations
and a mathematical model to show that fusion between adjacent protocells occurs either at
the protocell equator or at the connecting nanotube (see Section 1.3.12). The former results
in the formation of a stable pore between two compartments. In both scenarios, the bending
energy of the system is minimized, although fusion mediated by the connecting nanotube is

energetically the most favorable.

1.3.10 Transport among protocells via tunneling nanotubes

Membrane nanotubes are ubiquitous in biological systems spanning all domains of life,
including archaea, bacteria, plants, and animals?3?-235 (see Section 1.1.6). Communication
between cells via TNTs allows the direct transport of signaling molecules, plasmids and
organelles??3231.323_|n open-ended TNTSs, active transport of organelles and vesicles within the
lumen of nanotubes is mediated by F-actin or other motor proteins3?4. Intrinsically, molecular
cargo can be transported simply by diffusion (Brownian motion) along a concentration gradient
in nanotubes?®5326, Cargo transport can also be driven by membrane tension (Marangoni

flow)327-330 or by an applied electric field331332,

In Paper Il, we investigated the molecular diffusion between interconnected protocells via
nanotubes in protocell-nanotube networks. The size of the molecules transported is much
smaller than the diameter of the nanotubes. Here we can consider two spherical protocells
that are connected to each other by a single nanotube, where only one of the protocells is
loaded with molecules (Figure 1.12). The molecules would continuously diffuse toward the

unfilled protocell until the concentration in both protocells reaches equilibrium. The diffusive
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transport is governed by the concentration gradient, which decays exponentially with time
t
(e Trelax>333:334_ The relaxation time (t,-.;4x), Which is the time for the system to reach chemical

equilibrium in a condition of constant diffusion rate, can be calculated as:

AL ( L )
Trelax_vl‘l‘Vz 7TT2D

(1.18)

where V; and V, are the volumes of the two protocells, while L and r are the length and the
radius of the nanotube, respectively. D is the diffusion coefficient of the transported molecules.
Assuming an equal diameter of 5 um for both protocells, a nanotube length of 5 um, a
nanotube radius of 50 um, and a diffusion coefficient of small fluorescent dye molecules such
as fluorescein33® or ATTO 488 (Reference 336) at room temperature (D = 400 um?/s), the
relaxation time is found to be on the order of minutes. This agrees with our experimental
results presented in Paper Il, where we further demonstrated the effect of each geometric

parameter on the molecular transport.

Protocell

Lipid nanotube 12,-

Supported membrane

Figure 1.12. Cargo transport between two protocells through a lipid nanotube.

The diffusive motion of cargo molecules is characterized by another time scale, referred to as
the traffic time 7,.45f;., which corresponds to the time required for molecules to be transported

between two protocells3?”. It is determined by the expression:
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Ttraffic = E

(1.19)

where R is the radius of the protocell. In the system considered here, the estimated value of

the traffic time is on the order of seconds, which is much smaller than the relaxation time.

In addition to diffusive transport, the Marangoni flow can be used for controlled transport of
cargo towards regions of high membrane tension328.329_ |n this context, we can again consider
a lipid nanotube interconnecting two spherical vesicles with a difference in membrane tension
(Ac). The time required to transfer a fraction f of the overall volume of the sending vesicle to

the receiving vesicle can be approximated as:

tz(ﬁ)”_nf

r) Ao
(1.20)

where 1 is the viscosity of water. For a system with R = 2.5um, r =50nm, L =5 um, Ac =
10°5N/m?,n = 10‘3%5, and f = 0.1, we obtain t = 6.25 s. Hurtig and Orwar reported on
m

tension-driven transport of bacteria either encapsulated inside the nanotube or adhered to the
outer surface of the nanotube membrane328. In this study, the size of the bacteria (2 x 0.8 um)
exceeded the size of the nanotube (r = 100 nm). The velocity of the intra- and extra-tubular

transport was measured to be 21.8 and 38.5 um/s, respectively.

1.3.11 Membrane permeability and transient pores

Biomembranes are well-defined boundaries that separate the internal cellular space from the
external medium. These membranous boundaries exhibit selective permeability to organic and
inorganic molecules33. Small molecules, such as water and gases, can easily diffuse across
the bilayers201339 while the penetration of large and charged molecules is severely
hindered34°. The lipid composition of the membrane also affects permeability, with different
types of lipids exhibiting different levels of permeability. Biological cells use membrane
proteins to facilitate active transmembrane transport of functional macromolecules along or
against the concentration gradients3#. Nevertheless, in the context of the origin of life,
primitive cells would have lacked a well-developed molecular machinery on their membrane

for the uptake of biological constituents, particularly genetic polymers. Instead, one possibility
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is that the amphiphiles self-assembled into primitive cellular compartments in an aqueous
environment rich in solutes, leading to spontaneous entrapment of solutes’®®. Alternatively,
solutes can have been internalized through the transient pores in the membrane. Lipid
membranes can open nanometer-sized transient pores34' under high membrane tension
induced by mechanical stress3*2, osmotic pressure3#3, or intense optical illumination2ss,
Opening the pores reduces the membrane area and releases the excess internalized volume,
resulting in a decrease in membrane tension344. Eventually, the pores close, driven by the
edge tension of the curved bilayer interface at the edge of the pores?®”. Based on the
experimental observations and simulations reported by Spustova and colleagues, a surface-
adhered lipid container of micrometer dimensions appears to simultaneously accommodate 3

to 5 transient nanopores.

In the studies presented in Paper | and I, a mild hydrodynamic flow generated by the
microfluidic pipette (see Section 6.7) was applied to lipid compartments. This flow induced an
increase in membrane tension that facilitated the formation of transient nanopores, allowing

the encapsulation of small fluorescent molecules, RNA and DNA within the compartments.

1.3.12 Membrane fusion

Membrane fusion is a fundamental process in several cellular trafficking and communication
pathways, including endocytosis and exocytosis in eukaryotic cells345. In addition, muscle
growth and repair in mammalian cells depends on the fusion of muscle precursor cells, known
as myoblasts, to form multinucleated myotubes that can then fuse with other myotubes346.347,
Membrane fusion requires the coordination of fusion proteins on the membrane, which
generate a force that brings two bilayers into close proximity348. Alternatively, fusion can occur
in protein-free biomembranes by various mechanisms, such as local heating?95:349,

electrostatic interactions3%, nanoparticles35'352 and osmotic pressuresss,

In Paper |, we showed that the fusion of protocellular compartments can be facilitated by the
temperature increase resulting from laser heating. Upon fusion, the RNA molecules trapped
in one of the compartments can be redistributed to the fused compartments. The phenomenon
of membrane fusion has been proposed as a plausible mechanism to provide additional
membranes and genetic materials, which could have acted as a source of nutrition for the

growth of protocells during the origin of life!69:353:354,

In Paper lll, we reported the fusion of small cationic liposomes with giant vesicle membranes,
driven by the electrostatic interactions between countercharged lipid headgroups. The fusion

process is controlled by the proportions of charged lipids in the fusing membranes. A low
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percentage of cationic lipids in liposomes leads to partial fusion states such as docking or
hemifusion3%53%, whereas a high amount of cationic lipids leads to full fusion, allowing the

mixing of contents between the liposomes and giant vesicless350:357,

1.3.13 Motility of lipid vesicles

Migratory phenomena are commonly observed in all cell types during embryonic development
and tissue regeneration3%8. Cell migration is a cyclic process that is spatially and temporally
regulated by cytoskeletal redistribution3%°. To initiate cell migration, cells extend protrusions
such as lamellipodia or filopodia in the direction of migration via actin polymerization, which
establish adhesion to the extracellular matrices and serve as traction sites for migration. These
protrusions are then disassembled at the rear of the cell as it moves over the adhesion sites.
It is noteworthy that migrating cells exhibit a calcium gradient from the rear to the front, with
calcium-rich microdomains known as calcium flickers appearing at the front of the migrating
cell where the calcium concentration is the lowest36°, These calcium flickers play a critical role
in guiding the directional movement of cells. Mimicking this cytoskeleton-based cell migration,
lipid vesicles can acquire motility in response to external stimuli such as adhesion
gradients361:362_ divalent cations363.364, |ocal heating3653¢6, and magnetic fields®¢”. As mentioned
in Section 1.3.6, the presence of Ca?+ generates the pinning sites between lipid membranes
and between membranes and substrates, thereby controlling the wetting and det-wetting of
membrane structures®63365, Qur system is closely related to the haptotactic motion of
negatively charged vesicles adhering to a positively charged supported bilayer3¢', as reported
by Solon and colleagues. Such surfing-like motion is driven by lipid transfer between the
vesicle and the supported bilayer, which creates a charge (adhesion) gradient between the
front and the back of the vesicle, promoting motion in the direction of the adhesion gradient.
Alternatively, an adhesion gradient can be established by the asymmetric distribution of
membrane-binding Min proteins at the contact edges of the GUV and the supported bilayers3®2
where both membranes are negatively charged and pinned by the presence of cations in the
buffer solution. The adhesion gradient together with the deformation of the GUV membranes
forms a mechanochemical feedback mechanism, promoting persistent motile movement of
the GUV (Figure 1.13).
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Figure 1.13. Confocal micrographs showing GUV sliding on a supported bilayer membrane induced by
asymmetric accumulation of membrane-binding MinE proteins. MinD is color-coded in magenta and
MinE is in green. Scale bar 5 um. Reproduced with permission from Reference 362. Copyright 2023

under Creative Commons license (CC BY 4.0).
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2 Aim of the projects

The ability to communicate and interact between the same or different cell species is
ubiquitous in three domains of life along the biological evolution. Protocells, as hypothetical
precursors to the first living cells, are highly simplified in structure and function, and thus could
have lacked an evolved molecular machinery for contact-dependent interaction as well as
chemical signaling. Ongoing research is revealing a great diversity in the materials that make
up the protocell, accentuating the versatile characteristics of the individual protocell. However,
the establishment of protocell communities and study of their potential collective behavior
under prebiotic conditions are underexplored, especially for the lipid membrane-enveloped
protocells. How could protocells have evolved into LUCA? Could protocells have developed
colony-like superstructures along the transition to the living entity? What interactive behaviors
could have occurred within protocell populations? Could different types of protocells have
competed or cooperated for self-replication? Was it possible to share internalized content
among protocells in a protective manner? How could protocells have adapted to
environmental changes? Could protocells have functioned as chemical reactors as well as
carriers of genetic fragments? All these open questions in the context of the origin of life are

within the scope of my dissertation.

This thesis is entirely dedicated to the demonstration of rudimentary inter-protocellular
interactions, either spontaneous or triggered by external stimuli. The membranous protocell
system is capable of transforming between different membrane morphologies, energetically
supported by the membrane-solid surface interactions. Adhesion of lipid reservoirs on solid
surfaces triggers the formation of flat giant vesicles (Figure 2.1a) and ultimately the
development of protocell-nanotube networks (Figure 2.1b,c) that provide an experimental
platform to study communication and interaction in protocells. Specifically, this thesis is

conducted to achieve four objectives:

(1) To study the heat-enhanced emergence, growth, and fusion of lipid vesicles within
protocell-nanotube networks. Environmental temperature is thought to play an essential
role in the origin of life. Based on the previous discovery and characterization of
spontaneously formed protocell-nanotube networks, how local heating would affect the
formation of the networks and induce redistribution of encapsulated cargo (Figure 2.1b) is
of interest for the emergence of the first living cells. The results are presented in Paper |
and summarized in Chapter 3, and the associated protocol for applying optical heating is

presented in Paper IV and Section 6.6.
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(2) To Investigate the diffusive transport of cargo molecules between lipid vesicles
through interconnected nanotubes. The nanotubes connecting the protocells have
been suggested to allow the transfer of various cargoes within the network (Figure 2.1c),
yet no experimental evidence has been provided to support such a hypothesis. Due to the
difficulty of visualizing the internalized cargo within the thin nanotubes, we instead
elucidate the transport event by monitoring the replenishment of cargo in the protocells
that are out of equilibrium in cargo distribution. This is presented in Paper Il and Chapter
4.

(3) To demonstrate proof-of-concept for controlled delivery of membrane-impermeable
cargo into giant vesicles using fusogenic liposomes as cargo carriers.
Macromolecules with biological function are impermeable to lipid bilayers. Efficient
transmembrane transport of cargo is required to perform prebiotically relevant chemical
reactions inside the protocells. By combining cationic liposomes and an open-volume
microfluidic device, we aim to establish a protocol for local delivery of a collection of
cargoes, ranging from genetic polymers to global proteins, into a surface-adhered GUV
(Figure 2.1d). In addition, we intend to incorporate an enzymatic reaction within the GUV

and its subcompartments. Proof of concept is presented in Paper Ill and Chapter 5.
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Figure 2.1. Graphical summery of communication and interaction among model protocells in different
manners. Lipid vesicles are considered as membranous model protocell in the context of origin of life
in this thesis. Cyan and magenta colors represent different membrane compositions.

42



3 Heat-induced rapid growth of protocell from

protocell-nanotube network

This chapter summarizes the main findings presented in Paper | and describe my contributions

to the study.

Paper I. Rapid growth and fusion of protocells in surface-adhered membrane networks

In Paper |, we showed that elevating temperature promoted vesicle nucleation, growth, and
fusion in surface-adhered vesicle-nanotube networks. The local temperature gradient created
by IR-B laser heating was applied to the selected membrane region. Immediate nucleation of
vesicles from nanotube networks was observed within a few minutes when the temperature
was increased from 20 to ~40 °C, while at room temperature the spontaneous formation of
vesicles takes a few hours. Further increase in temperature (~70 °C) facilitated the rapid
growth of newly nucleated vesicles. Our analysis reveals that vesicle formation occurred
preferentially at the intersections in the nanotube networks. Rapid fusion between adherent
vesicles in close proximity was induced by increasing the temperature to ~90 °C. Finite
element simulation showed that fusion between two vesicles connected by the same nanotube
is energetically more favorable than fusion between two vesicles located on different
nanotubes, where a stable pore remains in the fused compartment after fusion. Finally, we
observed RNA encapsulation inside the vesicles. Moreover, upon vesicle fusion induced by
heating, the RNA encapsulated in one of the two compartments was redistributed to the fused

compartments.

Contribution: Performed the local temperature measurements for the IR-laser heating
experiment. Analyzed the data and determined the local temperature gradient. Contributed to

the writing of the manuscript.
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4 Cargo transport in protocell-nanotube network

In this chapter, the main findings reported in Paper Il and my contribution to the study are

described.

Paper Il. Transport among protocells via tunneling nanotubes

In Paper Il, we demonstrated a feasible way for protocells to communicate at the early Earth
conditions. The transport of genetic fragments was mediated by lipid nanotubes connecting
protocells in the protocell-nanotube networks described in Paper Il. The fluorescently labeled
cargo molecules, such as water-soluble dye ATTO 488, RNA and DNA oligomers, were
encapsulated inside the protocells that are free of membrane fluorophores. Fluorescence
recovery after photobleaching (FRAP) was then used to study the conductivity of the
nanotubular connection. After photobleaching the fluorophores in one of the protocells in the
networks, we observed recovery of fluorescence intensity in the bleached region, indicating
replenishment of active fluorophores in the adjacent compartments to the bleached
compartment through the connecting nanotubes. Lastly, we investigated the influence of
geometrical parameters, such as the size of the compartments and the length and diameter
of the nanotubes, on the recovery, i.e., the transport of the cargo, using an analytical model.
We concluded that tunneling nanotubes could have allowed the transport of prebiotic

constituents between primitive cells without crossing the membrane boundary.

Contribution: Suggested suitable cargo molecules for the study of molecular transport within
protocell-nanotube networks. Proposed the application of the FRAP experiment to the
selected vesicles. Performed the confocal microscopy experiments and evaluated the data.

Contributed to the writing of the manuscript.
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5 Cationic liposome-assisted cargo delivery

This chapter presents the main findings of Paper Il and the author’s contribution to it.

Paper |lll. Liposome-assisted in-situ cargo delivery to artificial cells and cellular

subcompartments

In Paper I, we reported a highly controlled method for the delivery of membrane-impermeable
cargo into a surface-adhered giant lipid compartment resembling an artificial cell by using
cationic liposomes as cargo carriers. Upon electrostatically driven membrane fusion between
the giant vesicles and the liposomes, a variety of biologically relevant components, including
water-soluble dyes ATTO 488, fluorescently labeled RNA and DNA oligomers,
polysaccharides, and globular proteins, can be delivered into the giant vesicles. We monitored
the fusion process by FRET between donor and acceptor fluorophores initially embedded in
the membrane of the giant vesicles and the liposomes. We observed highly efficient
membrane fusion within a few minutes. Finally, we performed enzymatic reactions inside the
giant vesicle and additionally observed the spontaneous subcompartmentalization and
generation of reaction products in one of the subcompartments. As a complement to the other
available techniques, liposome-assisted delivery in this work demonstrates an alternative way
to internalize compounds of interest into lipid-based artificial cells with designed functions,
which could also be used as model protocells to study protocell communication at the origin

of life.

Contribution: Proposed the cargo molecules and established the protocol for the liposome-
assisted delivery method. Suggested the membrane-conjugated fluorophores as FRET pair
to monitor the membrane fusion, and the enzyme and substrate molecules for the enzymatic
reaction occurring inside the giant vesicle. Performed all confocal microscopy experiments
and analyzed the data. Calculated the membrane areas and volumes of the giant vesicle

before and after fusion with cationic liposomes. Contributed to the drafting of the manuscript.
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6 Materials and methods

This chapter describes the experimental methods that are essential for the research presented
in this thesis. These methods include vesicle preparation, surface fabrication, imaging
techniques and micromanipulation techniques involving local laser heating and microfluidic

devices.

6.1 Preparation of lipid vesicles

The work presented in this dissertation involves the preparation of SUVs, GUVs and MLVs
using various natural lipids extracted from plant or bacterial cells, as well as synthetic cationic
lipids. Fluorophore-conjugated lipids were incorporated into the bilayer membranes to enable

fluorescence imaging (see Section 6.5).

The vesicles were prepared by using the dehydration-rehydration method3¢®, as shown in
Figure 6.1. Initially, the lipids were dissolved in chloroform and mixed in an appropriate molar
ratio in a pear-shaped flask. The chloroform was then removed under vacuum (20 kPa) for 6
hours using a rotary evaporator, resulting in a dry lipid film on the flask wall. The lipid film was
rehydrated overnight with an aqueous buffer containing 1% glycerol, resulting in swelling of
the lipid film. The presence of glycerol prevented the complete dehydration of the lipid film,
allowing the separation of the lipid bilayers®6®. The hydrated suspension was subjected to
sonication for less than 20 seconds to reduce the size and lamellarity of the lipid reservoirs,
leading to the formation of MLVs and GUVs. The resulting vesicle stock suspension can be
stored at -20 °C for future use. To prepare the MLV and GUV samples for microscopic
observation, a 4 pl volume of the stock suspension was deposited on a glass coverslip and
then dehydrated in a vacuum desiccator for 20 minutes. The dried film was then rehydrated

with the desired buffer for the experiment.
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Figure 6.1. Schematic drawing of the preparation of lipid vesicles by the dehydration-rehydration
method. After rehydration and subsequent sonication of the dry lipid film, a vesicle suspension
containing multi- or unilamellar vesicles of different size can be obtained. Extrusion of the vesicle
suspension produces SUVs with the desired size distribution.

In Paper Ill, SUVs were prepared using the extrusion technique54370, Extrusion is a widely
used method for the formation of SUVs, in which the size of the vesicles is reduced by
mechanical forced”°. To prepare SUVs, the vesicle stock suspension was diluted with the
desired buffer and subjected to continuous sonication for several minutes. The sonicated
suspension was then extruded through a polycarbonate membrane with a defined pore size,
such as 100 nm37'. During extrusion, the vesicles were deformed by shear stress at the pore
walls and adopted an elongated shape. The final diameter of the vesicles was slightly different
from the pore size, and the size distribution of the extruded vesicles depended on other factors

such as lipid composition, the number of extrusion cycles, and the extrusion temperatures70.371,

6.2 Surface fabrication

The solid surfaces used in this thesis were fabricated in the Micro- and Nanofabrication
Cleanroom Laboratory, commonly referred to as MiNaLab, at the University of Oslo. The
cleanroom provides a controlled environment with minimal contamination, achieved through
ventilation control and air filtering. It significantly reduces the concentration of airborne
particles, especially those with nano- and micrometer diameters. The average concentration
of airborne particles in urban environments is approximately 300-400 million particles/m3
(Reference 372). In contrast, ISO Class 1 cleanrooms limit the maximum number of 100 nm
particles to 10/m3 (Reference 373), which is critical for the fabrication of microelectronic devices

and pharmaceutical production.

The sub-micrometer-thick SiO surfaces used in in this thesis work were fabricated using the
electron-beam (e-beam) physical vapor deposition (PVD) technique37. Prior to deposition,

glass cover slides were loaded into the deposition chamber, which was evacuated to a
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pressure of at least 10# Torr. Briefly, a heated tungsten filament emitted electrons that were
accelerated and focused onto the crucible containing the material source, as shown in Figure
6.2. The materials bombarded by the electron beam were transformed into a gaseous phase
and then precipitated as a thin film on the glass substrates. The focused beam heated only
the material source, while the crucible is water-cooled, enabling high purity deposition375.
During deposition, a quartz crystal microbalance (QCM) was used to monitor the deposited
film thickness in real-time376. The thickness was determined by measuring the decrease in
frequency of a quartz crystal resonator resulting from the increasing mass of the deposited
film. The deposited SiO- film has a final thickness of 84 nm, making it optically transparent
and well-suited for microscopy. The final thickness of the deposited film was measured using
an ellipsometer, which uses non-contact analysis of the change in polarization of light reflected
from the sample surface. By comparing the experimental data with an established model for
the given deposited film and substrate3’?, the thickness parameters of the sample can be
determined. With sub-nanometer resolution, ellipsometry is a highly accurate method for

measuring film thickness.
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Figure 6.2. lllustration showing the deposition of thin SiO; films on glass substrates by using e-beam
PVD. The SiO; source placed inside the crucible is bombarded by the electron beam to evaporate and
deposit as a thin film on the substrate.
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6.3 Optical microscopy

In this thesis, optical microscopy techniques, namely differential interference contrast
microscopy and confocal laser scanning microscopy, were used to image biomembranes and
other relevant biological components in the specimen. The resolution of an optical microscope,
defined as the minimum distance (d) between two distinct points that can be resolved, is
closely related to the numerical aperture (NA) of the objective and other optics in the light path.

The NA is given by:

NA = nsinf
(6.1)

where n is the refractive index of the imaging medium and 6 is the angular aperture. An oll
immersion objective has a higher refractive index (n = 1.52) than a non-immersion objective
(n=1 for air), resulting in a larger NA. The resolution limit also depends on the wavelength of

the light in the vacuum (A) used for imaging (Rayleigh criterion), as given by:

d =061 A
T U NA

(6.2)

For example, an oil immersion objective (NA = 1.4) coupled with green light (4 = 500 nm)
yields a theoretical lateral resolution limit of 217 nm. To exceed the diffraction limit, several
super-resolution microscopy techniques have been developed, including structured
illumination microscopy (SIM) and stimulated emission depletion (STED) microscopy, which

can achieve lateral resolutions below 50 nm (Reference 378).

6.4 Differential interference contrast microscopy

In Paper I, differential interference contrast microscopy (DIC) microscopy was used to image
the protocell-nanotube networks in the absence of fluorophore-conjugated lipids. DIC
microscopy is a label-free imaging technique for biological specimens that are generally
transparent and lack optical contrast under bright field illumination37°. This technique uses
transmitted light and is based on interferometry, providing a pseudo 3D relief shading image.
Figure 6.3a illustrates the light path and optics used in DIC microscopy. Initially, unpolarized

light from the light source is polarized by a polarizer and enters the first Nomarski prism, which

52



separates the incoming light into two orthogonally polarized parts: the sampling and reference
beams. These two beams have different optical path lengths and thus undergo a phase
change as they pass through adjacent regions of the specimen that differ in refractive index
or thickness. The objective then collects the transmitted light from the specimen, and the
beams travels through the second Nomarski prism, where they are recombined into the same
polarization. The second polarizer allows the recombined beam to interfere with each other,
creating a brightening or darkening effect in the images that provides a pseudo 3D appearance
of the specific area in the specimen. The use of polarizers in the light path reduces the amount

of light reaching the detector, requiring a powerful light source for DIC.
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Figure 6.3. Schematics of optical paths in DIC microscopy (a) and CLSM (b). In DIC microscopy, the
sampling and reference beams experience the difference in refractive index or thickness in the adjacent
areas of the specimen, and therefore the combined beams can interfere and give a pseudo 3D contrast
of the specimen. (b) In CLSM, the confocal pinholes select only the light emitted by the fluorophores
that are in the focal plane, increasing the signal-to-noise ratio of the 2D images and allowing the
reconstruction of 3D images by changing the scanning height.

6.5 Fluorescence and confocal microscopy

The lipid bilayer is optically transparent and has a thickness of approximately 4-5 nm, which
is below the diffraction limit of light microscopy. As a result, most of the experiments in my
dissertation involved the use of fluorophore-conjugated lipid molecules as probes to visualize
the lipid membranes by fluorescence microscopy. Fluorophore molecules typically contain

several aromatic groups and can selectively absorb light of a certain wavelength and
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subsequently emit light of a longer wavelength (Stokes shift). Upon excitation, the fluorophore
molecule absorbs a photon and is promoted from the singlet ground state (So) to the excited
singlet state (S+). The timescale for absorption is on the order of 10-'5 s. Each electronic state
comprises multiple vibrational levels. Subsequently, the excited molecule will dissipate energy
through vibrational relaxation (10-'2— 10-19 s) to reach the lowest vibrational level of the excited
state. Finally, the molecule returns to the ground state by emitting a photon, which is the
fluorescence process. Fluorescence occurs on a timescale of 100 to 107 s. The simplified
Jablonski diagram in Figure 6.4a illustrates the above processes, with other non-radiative

processes neglected in this scheme.
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Figure 6.4. Simplified Jablonski diagram of fluorophore molecules undergoing fluorescence (a) and
FRET (b).

The use of multiple fluorophores with distinct absorption and emission spectra allows the
simultaneous visualization of different molecules and structures in a sample. In Paper | and
Ill, we labeled lipid membranes and encapsulated cargo molecules, such as RNAs and
proteins, with different fluorophores. However, overlapping excitation and emission
wavelengths of different fluorophores can result in fluorescence crosstalk, which can obscure
and produce a false fluorescence signal, thereby interfering with intensity-based
measurement. When the excitation spectrum of one fluorophore (donor) overlaps with the

emission spectrum of the other fluorophore (acceptor), which is in close proximity (1-10 nm),
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FRET occurs between the donor and acceptor. Figure 6.4b shows the Jablonski diagram of
FRET. The excited donor transfers energy directly to the acceptor, initially in its ground state,
in a non-radiative manner, resulting in the excitation of the acceptor to the excited state and
ultimately acceptor emission. Since the FRET efficiency is inversely proportional to the sixth
power of the distance between the donor and acceptors®®, FRET can be used to measure
small changes in the distance between two molecules, typically on the order of nanometers,
in biophysical studies such as lipid diffusion in membranes38'.382 and DNA double-strand
hybridization'.3%7. In Paper lll, we labeled the membranes of liposomes and giant vesicles

with a pair of FRET fluorophores to monitor lipid mixing induced by membrane fusion.

The quality of imaging and signal-based measurements in microscopy experiments can be
adversely affected by photobleaching. Prolonged or intense exposure to light can lead to the
degradation or nonspecific reaction of the fluorophore molecule with surrounding molecules,
rendering it unable to fluoresce permanently38. However, photobleaching can also be
intentionally used in microscopy-based techniques such as FRAP to study the mobility of
fluorescent molecules in biological samples, especially the fluidity of lipid bilayers254.384, Briefly,
high intensity illumination is used to photobleach fluorescent molecules within a defined region
of the sample. Driven by Brownian motion, non-photobleached molecules diffuse throughout
the sample and replace the photobleached molecules in the initial photobleached region,
where the fluorescence intensity gradually increases, or recovers, over time. In Paper Il, we
used FRAP to investigate the diffusive transport of the water-soluble dye, as well as
fluorescently labeled RNA and DNA, between surface-adhered protocells through

interconnected lipid nanotubes.

CLSM is a widely used imaging technique in life science research. Compared to widefield
fluorescence microscopy, which detects fluorescence from the entire specimen, CLSM can
significantly improve the signal-to-noise ratio by using pinholes to eliminate background
fluorescences®. As illustrated in Figure 6.3b, two pinholes are located at confocal positions.
The laser beam passes through the first pinhole, and after being directed by the dichroic
mirror, the beam is focused onto a small portion of the specimen, leading to fluorescence. The
light emitted by the excited fluorophores is filtered by the dichroic mirror and enters the second
pinhole, which is positioned at the focal plane and allows only the light coming from the
targeted point of the specimen to be detected. The focused beam can scan a defined area in
the specimen, providing a 2D image at a given height. By moving the stage vertically, images

can be scanned at different heights to obtain a reconstructed 3D image. CLSM is a powerful
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imaging tool for reconstructing 3D images of micrometer-scale membrane structures, such as

protocell-nanotube networks and surface-adhered GUVs.

6.6 Infrared laser heating system

Biomembranes can undergo changes in permeability386.387 and mechanics®8 in response to
thermal stimuli. In Paper |, we performed local heating using an infrared (IR) laser fiber to
rapidly nucleate, grow, and fuse lipid vesicles within a protocell-nanotube network. Water and
lipid molecules have relatively high absorption coefficients above 1450 nm, corresponding to
the IR-B regime (1400-3000 nm)389:3%0_ |n contrast, their absorptions are negligible in the IR-
A regime (780-1400 nm), which is the IR window in biological tissues. Therefore, we used an
IR-B laser (1470 nm) coupled to an optical fiber to generate local heating. The tip of the optical
fiber was positioned 20-50 pm above the surface-adhered sample using a 3-axis
micromanipulator. By turning on the laser, IR radiation from the flat fiber tip affected only a
conical volume of water in close proximity to the surface-adhered membranes3. By adjusting
the laser power, distinct temperature gradients could be achieved. The elevated temperature
was characterized using a calibrated microthermocouple, as depicted in Figure 6.5. The
thermocouple was initially placed in the center of the heated region, slightly above the surface,
and by moving it along the z-direction, we recorded the local temperatures (Figure 6.5b,c).
Measurements were made for different laser powers. The local temperatures were estimated
to be 40 °C, 70 °C, and 90 °C when the laser current was set to 0.73 A, 0.97 A, and 1.22 A,
respectively (Figure 6.5d).
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Figure 6.5. Optical fiber-based IR laser heating and temperature measurement. (a) Photo showing the
experimental setup of IR laser heating. (b) Side view lllustration showing an optical fiber immersed in
water and a microthermocouple that can be moved in z-direction. (c) Bright field micrograph of the same
setup as in (b) from the top view. (d) Plots show that the hypothetical temperature increases with
decreasing distance from the surface. Reprinted with permission from Reference 3. Copyright 2022
Springer Nature.
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6.7 The microfluidic pipette

Microfluidics is a powerful technology used to manipulate and process sub-microliter fluids in
channels with micrometer dimensions3'. This technology enables precise control of flow rates
and low samples and reagents consumption. Microfluidic devices typically operate under
laminar flow conditions characterized by low Reynolds numbers. This helps to prevent the
mixing of fluids flowing together, which facilitates the exchange of molecules by diffusion,

thereby providing high resolution and sensitivity for separation and detection.

In this thesis, we used an open-volume microfluidic device, known as the microfluidic
pipettes923%3 made of the optically transparent elastomer polydimethylsiloxane (PDMS). The
pipette tip was immersed in buffer solution, and positioned in close proximity to the sample,
and operated in a non-contact manner using a 3-axis micromanipulator. The pipette tip created
a hydrodynamically confined flow volume, or recirculation zone, within the observation
chamber by applying positive pressure to the center channel to inject fluid and negative
pressure to the adjacent channels to aspirate solution, as shown in Figure 6.6. Typically, an
outflow rate of ~10 nL s can be achieved3®, and the ratio of outflow to inflow determines the
size of the recirculation zone. The fluid within this recirculation zone has a high convection-to-
diffusion ratio, or Péclet number, which hinders dispersion across the zone boundary. As a
result, the recirculating fluid does not mix with the ambient buffer. The pipette contains four
reservoir wells that can hold different solutions of interest. During the experiments, it is

possible to quickly switch between the available solutions.

In Paper lll, a variety of membrane-impermeable cargoes, such as water-soluble dyes,
fluorescently labeled genetic polymers, sugars, and proteins, were encapsulated in fusogenic
liposomes and delivered to the surface-adhered GUVs using the microfluidic pipette. Similarly,
in Paper | and II, a microfluidic pipette was employed in a manner analogous to the superfusion
technique used in cell culture®®* to deliver fluorescent dyes such as fluorescein or ATTO 488,
or fluorescently labeled RNA or DNA oligomers to surface-adhered nanotube-connected lipid

compartments.
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Figure 6.6. Flow recirculation in the microfluidic pipette. (a) Micrograph showing the recirculation zone
of fluorescein solution (in green) in front of the pipette tip, created by the injecting flow (outflow) in the
middle channel and the aspirating flow (inflow) in the two adjacent channels. The outflow/inflow ratio is
0.52. Top view (b) and side view (c) of the finite element simulation showing the flow field (red arrows)
and the concentration of fluorescein (blue for 0% and red for 100%) when the outflow/inflow ratio is 0.5.
(d) Plot showing the concentration distribution of fluorescein as a function of distance from the channel
outlet along the channel axis x shown in (b). Reprinted with permission from Reference 392. Copyright
2010 American Chemical Society.
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7 Conclusion and outlook

This thesis provides the experimental evidence for the origin of life hypothesis that protocells
may have emerged under prebiotic conditions and formed colony-like protocell populations in
the transition to the first living cell populations. Within these populations of protocell, each
individual protocell is capable of exchanging contents with its neighbors, mediated by the

interconnected membrane nanotubes that spontaneously formed.

The interactions between protocells and their adhering solid surfaces are the main findings
presented in this thesis. Specifically, the intrinsic energies of solid surfaces, such as minerals
and rocks on early Earth, can be harvested by organic matter adhering to them. By adhering
to engineered silica surfaces, lipid assemblies have been found to undergo topological
transformations on their membranes, including tubulation, vesiculation, and fusion. These
observations have led to the suggestion that populations of protocell may develop on solid

surfaces.

Tunneling nanotubes are a ubiquitous communication tool in all domains of life. Similarly, lipid
nanotubes within protocell-nanotube networks facilitate the transport of diffusive cargo
between protocells without the need to cross the membrane boundaries. However, the
transport of high molecular weight cargoes or over long distances within a network may be
hindered by diffusion limits. Therefore, investigating transport driven by other mechanisms,
such as membrane tension and electric fields, holds great potential for future studies and can
improve communication within synthetic cell populations with increased control and precision.
In addition, protocell-nanotube networks may have provided a confined microenvironment for
prebiotic chemical reactions, i.e., reagents can be stored in separate compartments and
recruited to react through nanotube connections. This can be used as an effective bottom-up

approach to achieve higher complexity in synthetic cells.

This thesis also explores the intricate interactions between protocells and RNA. Protocells are
capable of entrapping RNA present in the environment during self-assembly into
compartments. Moreover, self-assembled protocellular compartments can uptake external
RNA through transient membrane pores. Encapsulated RNA can then be redistributed upon

fusion of adjacent protocells or transported to distant protocells through connecting nanotubes.

The spontaneous formation of protocells and even protocell populations under primitive Earth
conditions is a critical step toward the origin of life. The development of intrinsic mechanisms
for intercellular interaction within protocell populations, and for adaptation to the environmental

changes, would have greatly benefited their eventual transformation into the first living cell
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populations. This has not yet been supported by systematic experimental evidence. Future
studies could investigate the physical interactions between different protocell species, as well
as the topological transformation of protocell membranes in response to physicochemical

stimulation in the microenvironment.

The results presented in this thesis provide valuable insights into the mechanisms and
processes that may have contributed to the emergence and evolution of the primitive forms of
life, thus advancing our understanding of the origin of life and having potential implications for
the fields of astrobiology and synthetic biology. To further our understanding of the driving
force of membrane fusion and the mechanism of mechanical interaction, future investigations
could focus on quantitatively determining the influence of membrane lipid composition on local
membrane tension at the edge of spreading membranous protocells. In addition, the role of
surfaces with bespoke patterns or functionalization35-397 in protocell interactions can be
explored. Such investigations will enhance our understanding of the complex interactions
between protocells and their environment, and aid in the design and construction of synthetic

systems.
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Rapid Growth and Fusion of Protocells in Surface-Adhered

Membrane Networks

Elif S. Koksal, Susanne Liese, Lin Xue, Ruslan Ryskulov, Lauri Viitala, Andreas Carlson,

and Irep Gozen*

Elevated temperatures might have promoted the nucleation, growth, and
replication of protocells on the early Earth. Recent reports have shown evidence
that moderately high temperatures not only permit protocell assembly at the
origin of life, but can have actively supported it. Here, the fast nucleation and
growth of vesicular compartments from autonomously formed lipid networks
on solid surfaces, induced by a moderate increase in temperature, are shown.
Branches of the networks, initially consisting of self-assembled interconnected
nanotubes, rapidly swell into microcompartments which can spontaneously
encapsulate RNA fragments. The increase in temperature further causes fusion
of adjacent network-connected compartments, resulting in the redistribution
of the RNA. The experimental observations and the mathematical model
indicate that the presence of nanotubular interconnections between protocells

facilitates the fusion process.

1. Introduction

The important role of solid surface support for the autonomous
formation of primitive protocells has been suggested earlier in
the context of the origin of life.”) Hanczyc et al. showed that
vesicle formation from fatty acids was significantly enhanced
in the presence of solid particle surfaces consisting of natural
minerals or synthetic materials.?! Particularly the silicate-based
minerals accelerated the vesicle generation.
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In a recent report, we showed the
autonomous formation and growth of
surface adhered protocell populations as a
result of a sequence of topological trans-
formations on a solid substrate.’l Briefly,
upon contact with a mineral-like solid sub-
strate, a lipid reservoir spreads as a double
bilayer membrane. The distal membrane
(upper bilayer with respect to the surface)
ruptures and forms a carpet of lipid nano-
tubes. Over the course of a few hours,
fragments of these nanotubes swell into
giant, strictly unilamellar vesicular com-
partments. This relatively slow process
is entirely self-driven and only requires a
lipid reservoir as source, a solid surface,
and surrounding aqueous media. The
resulting structure consists of thousands
of lipid compartments, which are physically connected to each
other via a network of nanotubes. This formation process and
the ability of these compartments to encapsulate ambient mole-
cules, and to separate and migrate to remote locations, lead to
the formulation of a new protocell hypothesis. This addresses
open questions about how primitive protocells might have
formed and replicated on the early Earth, what exact physico-
chemical mechanisms governed the growth and division of the
membranes, and how cargo, e.g., RNA or other contents, was
encapsulated and distributed. Prevailing hypotheses involving
the self-assembly of amphiphiles in bulk aqueous medium
explain the formation of protocells, but not the necessary sub-
sequent steps, e.g., growth, replication, division, in a satisfac-
tory manner.

In the former study, which was conducted at constant room
temperature, the protocell nucleation and growth are slow pro-
cesses occurring over the course of hours to days.®! Under nat-
ural conditions, fluctuations in temperature are expected, the
impact of which on the reported system has not been consid-
ered. Since the growth process is slow, the compartments often
do not reach sizes large enough to establish physical contact in
a reasonable time frame, and remain too far apart for fusion.
Fusion has been considered a feasible means of protocell
growth, a step required for self-proliferation.’ In addition, the
mechanical or osmotic stress on bilayer compartments can over
time lead to the collapse of vesicular structures.l

In our current study we show that a temperature increase
significantly accelerates the formation of membrane compart-
ments and further initiates their fusion, which supports the
recent findings of Jordan et al.”l The accelerated nucleation and
growth lead to maturation of compartments, which eventually

(1of 1) © 2020 Wiley-VCH GmbH
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establish physical contact. The adjacent vesicular membranes
fuse, resulting in redistribution of cargo, e.g., oligoribonucleo-
tides. Nucleation and transformations strictly occur on the lipid
nanotube networks and creates consistently and exclusively uni-
lamellar membranous compartments. In addition to the experi-
ments, we provide a finite element model which emphasizes
that the presence of nanotubular connections between proto-
cells facilitates the fusion. The findings can explain how proto-
cells on the early Earth might have undergone rapid growth and
replication, and provide new insight into our recently developed
nanotube-protocell network hypothesis.

2. Results

2.1. Enhanced Protocell Formation and Growth

We deposited a multilamellar reservoir on a SiO, surface. Note
that the choice of substrate material has a profound influ-
ence on the nature of the surfactant film formed on the sur-
face. On silicon dioxide the formation of a lipid double bilayer
occurs consistently by spreading.®! The reservoir spontaneously
spreads on the surface in form of a circular double bilayer
membrane.”! The distal of the two stacked bilayers (upper
bilayer with respect to the surface), ruptures due to continuous
tensile stress,””) resulting in formation of a network of nano-
tubes on the proximal bilayer.}! Fragments of the nanotubes
swell over time, and form unilamellar vesicular compartments.
The autonomous transformation of lipid reservoirs into net-
works of surface-adhered protocells interconnected by lipid
nanotubes, has been described by Kéksal et al.l¥

This precursor structure is a lipid nanotube network residing
on a bilayer patch (Figure 1a). Each liquid-filled nanotube has a
cylindrical cross-section and consists of a single bilayer (inset
to Figure 1a).’] Next, we engage an IR-B (4 = 1470 nm) laser
to achieve a mild temperature increase in the vicinity of the
membrane (Figure 1b).1% The IR radiation is applied through
an optical fiber positioned by means of a mechanical micro-
manipulator on an inverted microscope (Section S1, Supporting
Information). The position of the IR-laser fiber tip with respect
to the lipid nanotube-covered membrane region is indicated
by the yellow dashed lines in Figure 1c. Due to the flat fiber
tip, the laser radiation is not focused, but affects a cone-shaped
water volume that extends to the solid surface. Details of the
experimental setup are shown in Figure S1 of the Supporting
Information. The formation of giant unilamellar vesicles from
disordered membrane layers induced by localized heating
(>25 °C) has been reported before.'"!?l In our experiments, the
thermal gradient leads to the instant formation and growth of
vesicular compartments exclusively from the lipid nanotubes
(Figure 1b). The formed compartments are strictly unilamellar(®!
which is in contrast to the vesicles reported by Billerit et al.'12]
where a lamellarity distribution typical for swelling of stacked
bilayers was observed. The majority of techniques for artificial
vesicle generation feature this distribution.®" Figure 1c-e
(Movie S1, Supporting Information) show the laser scanning
confocal microscopy time series of the process schematically
described in Figure 1a,b. Over the course of a few minutes of IR
exposure, the unilamellar compartments form from the lipid
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nanotubes and rapidly grow (Figure 1d,e). The fiber is posi-
tioned above the sample at a tilted angle, therefore the beam
projects onto an ellipse-shaped area, clearly visible from the
distribution of the protocells in Figure 1d,e. The image series
in Figure 1f=k (Movie S1, Supporting Information) demonstrate
that the formed compartments are colocated with the nano-
tubes. During growth the compartments maintain their posi-
tions. In Figure 1l,m the transformation from tube to spherical
compartment, is schematically shown. Due to the tempera-
ture increase, the membrane viscosity is reduced and tension
increases, leading to rapid inflow of lipids from low tension
areas. Combined with a reduction of the high membrane curva-
ture, this results in minimization of the surface free energy of
the system,l which is the driving force for the transformation.

Figure 2a (Movie S1, Supporting Information) is a snapshot
from a confocal time series of a heated membrane region,
showing protocell growth. We created 31 elliptical rings (a quarter
of each shown as a yellow dashed line) on the membrane and
calculated the protocell densities, i.e., the number of protocells
per area between two consecutive rings (AAr,). An exception is
the smallest ellipse at the center which is considered as a whole.
Figure 2b is a plot of the protocell density in each ring versus
the minor ellipse radius (r,) in Figure 2a. The graph indicates
that the protocell density increases with the temperature, which,
due to the acceptance-cone of the fiber is gradually decreasing
with distance from the center. The image series in Figure 2c—f
shows a membrane section decorated with lipid nanotubes, pro-
gressing to vesicular compartments. The confocal scans were
recorded close to the proximal membrane (panel e), and across
the equator of the vesicular compartments (panel d). Panel (f) is
a 3D reconstruction of the nanotube-adhered protocells in panels
(d and e). For comparison, five selected compartments in the dif-
ferent panels of Figure 2e,f are marked with numbers.

We used a microthermocouple to determine the tempera-
ture of the affected region in the experiments. The details of
the measurement have been presented in Section S2 of the
Supporting Information. The estimated temperatures are
40-90 °C. =40 °C leads to rapid nucleation, and =70 °C to rapid
growth. =90 °C results in fusion of the compartments, which
will be described in detail below.

For the membrane section depicted in Figure 2c—f (Movie S3,
Supporting Information), the total count of the protocells versus
time is shown in Figure 2g, and the average protocell diameter
versus time in Figure 2h. The compartments nucleate instantly
with activation of the IR-laser. Their number remains constant
(Figure 2g), while their diameter is increasing (Figure 2h). The
size distribution of the protocells at five different time points
throughout the experiment is shown in Figure 2i. Small pro-
tocells (d < 1 um) dominating at the early stages (orange his-
togram), later evolve into larger protocells (d > 3 pm, blue and
purple histograms). The development of the membrane area
and the internal volume of the protocells during the experiment
(Figure 2c—f) is shown in Figure 2j. The total membrane area
was =1250 um? at the end of the experiment. This corresponds
to a nanotube of 4 mm length (& = 100 nm). We do not observe
such a high tubular density in Figure 2c. The membrane mate-
rial forming the protocells therefore likely originates from a
remote membrane reservoir and migrates through the nano-
tubes.>1l A comparison between panel (c) and (e) reveals that

© 2020 Wiley-VCH GmbH
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Figure 1. Heat-induced protocell formation from surface-adhered lipid nanotubes. a,b) Schematic drawing summarizing the experiment. (a) Network of
hollow lipid nanotubes (inset) is residing on a SiO,-adhered bilayer. (b) Rapid formation of protocells from the nanotubes as a result of mild heating.
Inset on the lower right corner shows the confocal image of protocells formed as a result of this process. All experiments have been performed in
biological buffers. c—e) Laser scanning confocal microscopy time series of the process schematically described in (a) and (b). f~k) Confocal images
showing that the formed compartments and the nanotubes have colocalized. During growth, the compartments maintain their positions. (i) The outline
of the nanotubes in panel (f). (j) The positions of the nucleation sites in (g), indicated with the red circles, are superimposed on the network outlined
in (i). (k) The positions of the nucleation sites in (g and j) are superimposed on the image in (h). -m) Schematic drawing depicting the transformation
from a nanotube to a vesicular compartment.

the majority of the nanotubes remain intact. This means that
they are not the major source of protocells formed in the pro-
cess. Provision of the membrane material through the proximal
bilayer is in principle also possible, but we have earlier pre-
sented the argument that this is rather unlikely.?!

2.2. Protocell Fusion
We observe that the temperature increase further induces

fusion of adjacent compartments. Figure 3a,b shows a mem-
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brane region in which rapid merging was observed. In Figure 3a
the protocells are shown before fusion, and in Figure 3b after
fusion. The areas in which fusion of two or more compartments
occurs, are encircled in white dashed lines and numbered (panel
a). The merged compartments are represented in Figure 3b by
the same numbers. Figure 3c shows the number (orange graph)
and average diameter (blue graph) of the protocells shown in
Figure 3a,b over time (cf., Section S3 for details of the image
analyses). The total number of compartments decreases, and the
average diameter increases accordingly (panel c). The images
in Figure 3 (Movies S4 and S5, Supporting Information) show

© 2020 Wiley-VCH GmbH
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Figure 2. Characterization of protocell formation and growth induced by a mild heat gradient. a) laser scanning confocal image of a large membrane
region with nucleating protocells. The area exposed to the IR laser is split to 31 hypothetical elliptical rings, the minor radius of which is expressed
as r, and the major radius, r,. A quarter of the outline of each ring is shown in yellow dashed lines. r, of the outmost ring is 77.5 um. b) Plot showing
the protocell density over distance r,. The protocell density is calculated as the number of protocells in each individual elliptical ring. c—f) Confocal
images of a nanotube network leading to nucleation and growth of protocells exposed to heat gradients for 10 min. c¢) Nanotube network before
local heat exposure (d) cross-section of protocell sample from the equator after heat exposure (top view). (e) Cross-section of sample close to the
surface after heat exposure (top view). (f) 3D reconstruction of the formed protocells. Plot showing g) the number and h) the average diameter of
the protocells formed in (c—f) over 10 min. i) The histograms depicting the size distribution of protocells over time. Each color represents the size
distribution at a given time point. j) Plots showing total membrane area and total membrane volume of the protocells in (c—f) during their forma-
tion and growth.
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different surface regions of the same confocal microscopy
recording. The black arrows in panel (c), labeled with panel
names, indicate the time points at which the corresponding
images were recorded.

We explored whether fusion events only occur among the
compartments residing on the same nanotube, or if the fusion
between compartments on different nanotubes is possible. We
therefore investigated membrane regions of known network
topology. Figure 3d-gh-k shows the fusion of two different
sets of compartments, each set residing on the same nanotube
(black dashed lines). Three compartments marked with green
asterisks in Figure 3d merge into a single protocell within a
few seconds (panels e-g). In Figure 3h-k, five protocells (yellow
asterisks) merge. In both cases, the fusing protocells reside on
the same nanotube. If protocells located on different nanotubes
grow and eventually establish physical contact, we also observe
fusion events. Figure 3l-p (red asterisks) and Figure 3q-u
(blue asterisks) depict two examples. The original positions of
the nanotubes in each recording are indicated by black dashed
lines (Figure 31,q).

2.3. Mechanism of Fusion

Increase in temperature results in an increase in fluidity of the
membrane, leading to the rapid fusion of the initially distinct,
adjacent membranes.l”8l Upon fusion, the membranes relax
to a form that minimizes the membrane energy. The transfor-
mation from two small containers to a single large one reduces
the curvature, while the membrane area is maintained. In our
experiments, fusion of nanotube-connected lipid compartments
can occur in two different ways: it either begins near their
equator, i.e., where their lateral extension is the largest and the
compartments touch first (Figure 4a), or they fuse at the base,
mediated by the connecting membrane nanotube (Figure 4b).
In order to determine which of these two scenarios is energeti-
cally the most favorable, we performed a set of numerical finite
element simulations (cf., Section S4, Supporting Information,
for details).2% Since the thickness of the lipid bilayer (= 5 nm)
is much smaller than the typical size of the membrane tube
(>100 nm) and the attached compartment (>1 um), we treated
the membrane as a thin elastic surface. For the simulation, we
considered two adjacent vesicular compartments of the same
size, where the compartments share a surface-adhered mem-
brane tube. The edges of the numerical domains were defined
by open nanotubes which were restricted to form a cylinder of
radius r. The tube length was set to 15 r, and the total mem-
brane area to 450 2. In dimensional units this corresponds to
two spherical compartments, each with a diameter of =0.4 um,
connected through a tube with a diameter of =100 nm.

We keep the membrane area in the simulations constant
such that the membrane shape and energy are solely deter-
mined by the minimization of the bending energy. In the ini-
tial configuration, the two compartments either form a fusion
pore (neck) near their equator (Figure 4a), or they fuse by con-
suming the nanotube (Figure 4b). In both cases the bending
energy of two well separated compartments, i.e., narrow neck
with small Al,, is similar to the energy of two independent
spherical compartments. In the latter case, we consider the
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portion of the tube that connects the two compartments, the
neck region. In each simulation the circumference of the neck
is kept constant, while the position of the neck is free and
hence determined by the energy minimization. Figure 4c shows
the development of the bending energies for fusion initiated at
the equator (squares) and at the tube (circles), as we systemati-
cally increase the neck circumference Al,. We obtain the bending
energy, according to the Helfrich theory®! by integrating the
square of the mean curvature H over the membrane surface

area A:E = fdAgH ?, where kis the bending rigidity. The energy

is normalized by the bending energy of a spherical vesicle,
Egp = 87K If the vesicle fusion starts at the tube, we observe an
increase in neck circumference Al;. Note that in this case the
initial circumference 27r; is subtracted. As the neck expands,
the vesicles fuse and the surface free energy decreases. For
vesicle fusion at the base, the energy approaches that of a single
spherical vesicle. By contrast, for vesicles fusing at the equator,
the energy reaches a plateau that is about 75% larger than the
energy of a spherical vesicle. If the vesicles start to fuse at their
equator, a circular pore forms between the fusion site and the
membrane tube. Our simulations show that the pore stabilizes
with a diameter (IV in Figure 4a) similar to the diameter of the
membrane tube (Figure 4d). The fusion process should pre-
dominantly start at the tube, since this scenario is energetically
more favorable and allows for complete fusion of the two vesi-
cles (cf., Section S4, Supporting Information, for model, and
Section S5, Supporting Information, for corresponding experi-
mental observations).

2.4. Encapsulation and Redistribution of RNA upon Fusion

In order to investigate the merging of the contents of fusing
compartments, we employed an open-space microfluidic
pipette??l and loaded several compartments with fluorescently
labeled RNA oligomers (Figure 5a). Open-space microfluidic
delivery is an effective means to create a local chemical envi-
ronment. Subsequently applied mild heating led to the fusion
of the RNA-loaded protocells with adjacent, initially unloaded
compartments, and the RNA oligomers were redistributed
(Figure 5b). Figure 5c (Movie S7, Supporting Information)
shows the loading process: a population of surface-adhered
protocells in the recirculation zone of the microfluidic device,
dispensing a solution containing fluorescent RNA fragments
(top view). The border of the recirculation zone is marked with
white dashed lines (Figure 5c). Initially, the protocells appear
as black dots within the recirculation zone, since they only
contain buffer (Figure 5c). Over time, some of the protocells
encapsulate the RNA fragments (Figure 5d). Encapsulation of
water-soluble fluorescein inside the surface-adhered protocells
was shown earlier in a similar experiment at ambient tempera-
ture,l’l and explained by the involvement of transient pores of
sufficient size and stability. We observe that the encapsulation
efficiency of RNA oligomers is significantly smaller than of
fluorescein (cf., Section S6, Supporting Information, for com-
parative experiments). We attribute this to both the size and
the charge differences between the molecules. Figure 5e-m is
a sequence depicting how the RNA fragments are redistributed
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Figure 3. Heat induced protocell fusion. a,b) Confocal images showing the fusion of several protocells formed out of a lipid nanotube network upon
exposure to the IR laser. The blue color assigned to the labeled lipid membranes is resulting from the false coloring of the gray scale images of the
fluorescence signals, and is assigned arbitrarily. (a) The group of protocells which later merge after exposure to heat gradient, are encircled with dashed
lines. Each encircled region is numbered. (b) The merged protocells. Each protocell has been formed or grown as a result of the fusion of the multiple,
originally separated protocells shown in (a). The group of protocells and their fused version are numbered identically in (a) and (b). c) Plots showing
the number of protocells (orange graph) and average protocell diameter (blue graph) over the complete course of the experiment partly shown in
(a and b). d—k) Protocell fusion on same nanotube. (d-g) and (h-k) Two different fusion events in which the protocells on the same nanotube rapidly
merge. |-u) Fusion of protocells which are originally located on separate nanotubes. (I-p) and (g—u) Two different events during which vesicular com-
partments, originally located on different nanotubes, later fuse.

during fusion. Figure 5c-g shows both the membrane and  reduced.?¥! It is also possible that some of the internal contents
the RNA fluorescence emission channels, Figure 5h—j the  is lost by leakage. The closure of the pores and retaining of the
membrane, and Figure 5k-m the RNA. Figure 5n-p shows  bulk of the encapsulated material is consistent with our earlier
the fluorescence intensity along the lines indicated with white  experiments of =3 orders of magnitude longer duration (sec-
dashed arrows in Figure 5k—-m, respectively. The initially sepa-  onds vs hours). Figure 5r-t (Movie S7, Supporting Information)
rate signals in Figure 5n merge into a signal of lower inten-  shows snapshots of the fusion process of three compartments.
sity (Figure 50,p). The decrease may be due to two reasons. In Figure 5s depicts the diffusion of fluorescent fragments
Upon activation of the IR laser the fluorescence intensity is  during shape optimization of merging containers.
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Figure 4. Mathematical model for fusion. Two compartments of equal size are connected to a membrane tube with diameter 2r,. Simulation snapshots
are shown as the compartments fuse either a) at the compartments’ equator region or b) at the connecting tube. The outer left snapshots on (a) and
(b) show a side view parallel to the membrane tube, while the other snapshots are tilted to better illustrate the expansion of the fusion neck. c) The
bending energy E, rescaled by the bending energy of the spherical compartment E,, decreases as the length of the contact line Al, increases. d) If the
compartments fuse initially at their equator, a cavity forms between the fusion site and the membrane tube, with a stable diameter d that is similar to

the diameter of the membrane tube.

3. Discussion
3.1. Protocell Nucleation Sites

Figure 2g reveals that, once the protocells nucleate, their total
number remains constant during growth. This indicates that
the sites of the nucleation are predetermined and nucleation is
enhanced by the increased temperature. In Figure 1j the locations
of the nucleation appear to coincide with Y- and V-junctions/?*
on the nanotubes. Such membrane topologies are caused by pin-
ning, i.e., simultaneous binding of Ca? to multiple lipid head-
groups, which is facilitating the cohesion between two stacked
bilayers!>2>2%] or between a bilayer and a solid interface.>??%] In
a previous study, the transformation of a Y-junction to a small
vesicle, due to chemical chelator-induced depinning of Ca?*, has
been already shown.? In the current study, the Ca?* depinning
and reversal of membrane adhesion is not caused by chelators,
but is due to the temperature increase.'’l The compartments are
also observed exclusively at junction points (Figure 1j).
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3.2. Mechanism of Rapid Growth and Fusion

The main driving force for the transformation of the nano-
tubes to protocellular compartments is the minimization
of membrane curvature. The natural growth process in the
previously reported system was slow (=h).’] The membrane
replacement rate for the spontaneous inflation of a tube to a
5 um vesicle, was estimated the to be =2 x 107 um? s By
contrast, in the current study the transformation occurs within
minutes. We estimate the replacement rate to be 2 um? s7,
about three orders of magnitude higher than observed at room
temperature. We attribute the facilitated protocell growth to the
enhanced ability of lipid material to flow to the area of nuclea-
tion, due to the temperature increase in that area. The locally
elevated temperature causes an increase in the membrane flu-
idity and in the membrane tension in the affected area. The
tension increase causes Marangoni flow of lipids in the sur-
rounding membrane region with relatively low membrane ten-
sion, toward the heated membrane region with high tension.

© 2020 Wiley-VCH GmbH
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Figure 5. RNA encapsulation and redistribution. a,b) Schematic drawing showing the experimental setup. (a) An open-space microfluidic device is
used for the superfusion of RNA-oligonucleotides with a designated membrane area populated with protocells. (b) IR laser is activated to induce
fusion, leading to the redistribution of pre-encapsulated RNA into the fused protocell. c,d) RNA uptake. (c) Confocal image of a membrane area with
the microfluidic pipette recirculating RNA above it (top view). The protocells in the recirculation zone appear as black dots. (d) Magnified view of the
blue frame in (c) after termination of recirculation. Two protocells contain RNA. e-m) Laser scanning confocal microscopy images showing the fusion
of RNA encapsulating protocells and redistribution of contents upon fusion. (e-g) Membrane, RNA fluorescence, and bright field channels are over-
laid. (h—j) Membrane fluorescence channel only. (k-m) RNA fluorescence channel only. n—p) Plots showing the fluorescence intensity over the white
dashed arrows in (k), (I), and (m), respectively. r—t) Laser scanning confocal microscopy images showing the fusion of RNA-encapsulating protocells
and redistribution of contents upon fusion. Membrane, RNA fluorescence, and bright field channels are overlaid.
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The result is the rapid growth of previously nucleated vesicular
buds to cell-sized unilamellar compartments, some of which
eventually establish physical contact with each other.

Fusion of lipid compartments that are in close proximity
does not occur spontaneously, but requires external stimuli.
There have been several studies focusing on the fusion of giant
ampbhiphile vesicles as model systems of proto- or contempo-
rary cells. The reported fusion mechanisms vary. Some exam-
ples are the fusion driven by attraction of oppositely charged
vesicles,?! fusion induced by multivalent ions between vesicles
of special amphiphilic compositions, e.g., Eu>B% or La3*,Bl
ultraviolet light radiation-induced fusion,?? electrofusion,3]
fusion involving amphiphilic catalysts,*¥ also in combina-
tion with thermal cycles and pH changes," and the fusion
mediated by the hybridization of complementary SNARE pro-
teins*%l or DNA linkers,?”) embedded in initially distinct vesicle
membranes.

The vesicular membranes we utilize in this study do not
contain embedded species which would facilitate fusion. The
membranes and their individual monolayer leaflets possess
the same composition, thus they are free of spontaneous curva-
ture and have the same electrostatic potential. All experiments
are performed at constant pH, under identical conditions. The
main stimulus for fusion is the controlled increase in tempera-
ture. The temperature increase is known to lower the microvis-
cosity of the membrane and facilitate the formation of defects,
especially in the presence of multivalent ions.?®31 Ca?* binding
perturbs the membrane by pulling the headgroups inward,2>3#]
causing formation of defects. With localized heating this pro-
cess is facilitated,B?% resulting in fusion.[!

3.3. Impact of Nanotubes in Growth and Fusion

Figures 3 and 4 show that the nanotubes, which physically con-
nect distant protocells, facilitate fusion. During growth, the
nanotubes can provide an additional advantage for compound
delivery. They provide a transport pathway for a continuous
influx of molecules through the network, by which larger
molecules can potentially also be transported. The transport
of molecules or particles through nanotubes occurs by dif-
fusion,*2 or is tension-driven (Marangoni flow).1>'¢l The
transport phenomena within the nanotube networks have not
been investigated here, but the earlier established evidence of
nanotube-enhanced transport between lipid vesicles combined
with the involvement of nanotubes in the fusion process, as
elucidated in this study, points to a beneficial contribution of
an existing tubular network for growth, transport, and fusion
of protocells.

3.4. Impact of Temperature in the Context of Origin of Life

In this study we show that a successive increase in tempera-
ture from 20 °C to =40, 70, and 90 °C on a nanotube network
facilitates the nucleation, growth, and fusion of surface adhered
protocells. The role of temperature has been a central discus-
sion point in the origin of life debate.*3] The competing hypoth-
eses regarding the environment for the emergence of the RNA
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world, concentrate either around deep ocean hydrothermal
vents, or around warm ponds.)l A major criticism for the
emergence of life in hydrothermal environment* has been the
hot temperatures, large pH gradients, high salinity, and high
concentrations of divalent cations, which may adversely affect
the amphiphile compartment formation. The hot environments
typically referred to in such discussion involve black smoker
type hydrothermal vents where temperature can commonly
exceed 300 °C. In 2000, a new type of hydrothermal vent: the
Lost City hydrothermal field (LCHF) with a chemical compo-
sition similar to lavas that erupted into the primordial oceans
on early Earth, was discovered.”] The temperature range of
the LCHF is 40-90 °C, surprisingly similar to the experimental
conditions used in this work that promote compartment for-
mation, growth and fusion. This temperature range also rep-
resents the conditions in warm ponds: 50-80 °C.*¥l Recent
evidence shows that the mixtures of single chain amphiphiles
form vesicles most readily at temperatures of =70 °C in aqueous
solutions containing mono- and divalent cations in broad pH
range.! In the light of these observations, it appears that warm
temperatures of ponds or LCHFs can allow and even favor pro-
tocell compartmentalization. Our investigation focusing on the
subsequent steps, i.e., the rapid growth and fusion, is in align-
ment with these recent findings.

Apart from temperature, another point disfavoring the hydro-
thermal vent hypothesis over the warm pond hypothesis, has
been the lack of dry-wet cycles, which is known to significantly
facilitate polymerization, e.g., from nucleotides to RNA.MI In
our experiments, the lipid reservoirs, i.e., multilamellar vesicles
(MLVs), from which the double bilayer films spread and pro-
ceed to protocell formation, are the product of a dry-wet cycle.
The lipid layers form in a dry environment and upon hydration
they spontaneously form MLVs. It is conceivable that this is a
repeatable process. Accordingly, protocell formation, growth,
and fusion events we report here can in principle occur during
dry-wet cycles. Potentially, a new cycle of protocell formation—
growth—division can be started by attachment and fusion of
fresh lipid reservoirs, i.e., multilamellar vesicles, to protocells
that have been generated, grown, separated, and resettled on
the substrate. It should be possible to experimentally investi-
gate if simulated dry-wet, day-night, heating—cooling cycles
support the formation of new protocell generations.

4, Conclusion

We show that the nucleation, growth, and fusion of protocells
are significantly accelerated and enhanced at temperatures
ranging from 40 to 90 °C. Some of the protocells generated
in this manner have been demonstrated to encapsulate RNA,
and to redistribute it upon fusion with other compartments. In
the context of protocell development on the early Earth, these
results suggest that both Lost City-type hydrothermal vents,
and warm ponds could have been a suitable environment for
protocell formation, growth, and fusion events. Additionally, a
supporting surface in conjunction with the physical intercon-
nections provided by the spontaneously formed nanotubular
networks pose an advantage over lipid assemblies in bulk
solution. Neighboring vesicles can join and fuse more rapidly
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than in bulk suspensions, where protocells would only ran-
domly encounter each other for limited periods of time. To
what extent it is possible for emerging protocells to chemically
communicate prior to, and during, fusion processes through
interconnecting tubes remains to be elucidated. If this can be
verified, new hypotheses for primordial chemical transforma-
tions within primitive membrane structures in the early Earth
environment can be experimentally investigated.

5. Experimental Section

Surface Fabrication and Characterization: An =84 nm SiO, film was
deposited onto Menzel Gldser (rectangular) or Wilco Well (circular)
glass substrates by either E-beam, or thermal Physical Vapor Deposition,
using an EvoVac (Angstrom Engineering) or L560K (Leybold) evaporator.
The thickness of the films was verified by ellipsometry (SD 2000 Philips).
No precleaning was performed before deposition. The substrates were
stored at room temperature prior to use.

Formation of Lipid Nanotube Network and Protocells: The lipid nanotube
network on a solid supported bilayer was formed as described earlier.l’
Briefly, a stock suspension of multilamellar lipid reservoirs containing 50%
soybean polar lipid extract, 49% Escherichia coli polar lipid extract, and 1%
Rhodamine-PE or Cy5-PE was prepared by the dehydration/rehydration
method.*l An aliquot from this suspension (4 uL) was dehydrated in a
desiccator for 20 min. The dry film was rehydrated with HEPES buffer
(=1 mL) containing HEPES (10 x 107 m) and NaCl (100 x 107 m), pH
7.8, for 10 min to form multilamellar reservoirs. The reservoirs were then
transferred into an open-top observation chamber on a SiO, substrate.
The chamber contained HEPES buffer (= 1 mL) with HEPES (10 x 1073 m),
NaCl (100 x 10 M), and CaCl, (4 x 1073 m), pH = 7.8. On the SiO,
substrate the reservoirs self-spread as a double bilayer. The distal bilayer
ruptures,® and a nanotubular network forms on the proximal bilayer.l’
Protocells on nanotubes were either formed spontaneously overnight
(RNA redistribution experiments) or within seconds or minutes using
local IR-B radiation (nucleation, growth, and fusion).

Heating System: The lipid nanotube network was heated locally
using IR-B laser radiation through a flat optical fiber tip. A 1470 nm
semiconductor diode laser (Seminex) in combination with a 50 um
core diameter, 0.22 NA multimode optical fiber (Ocean Optics), was
used. The fiber was prepared by removing the outer sheath cladding,
followed by carefully cutting and polishing using a fiber cleaning kit
(Ocean Optics). The fiber was positioned using a 3-axis water hydraulic
micromanipulator (Narishige, Japan) and the tip was located at 50 um
from the surface, resulting in a volume of =1 nL being efficiently
heated. Three different laser intensities were employed. The laser
current was adjusted to 0.72 A (protocell nucleation), 0.97 A (growth),
and 1.21 A (fusion). The temperature was determined directly by a
microthermocouple in situ (cf., Section S2, Supporting Information, for
details).

Encapsulation with Microfluidic Pipette: An open-volume microfluidic
device/pipette (Fluicell AB, Sweden),?? positioned using a second
3-axis water hydraulic micromanipulator (Narishige, Japan), was used
to expose the matured surface-adhered protocells to Ca?*-HEPES buffer
containing fluorescein sodium salt (100 x 107 m) (Sigma-Aldrich) and
FAM-conjugated RNA oligonucleotides (40 x 10°® m) (Dharmacon,
USA), at pH 7.8.

Microscopy Imaging: A confocal laser scanning microscopy system
(Leica SP8, Germany), with an HCX PL APO CS 40x (NA 1.3) oil
objective was used for acquisition of the confocal images. The utilized
excitation/emission wavelengths for the imaging of the fluorophores,
were as follows: A 560 nm, A.,: 583 nm for membrane fluorophore
Rhodamine-PE, A: 655 nm, A, 670 nm for Cy5, Ao 488 nm, Ay
515 nm for fluorescein (SI), e 494 NM, At 525 nm for FAM.

Image Processing/Analysis: 3D fluorescence images were reconstructed
using the Leica Application Suite X Software (Leica Microsystems,
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Germany). Image enhancements to fluorescence images were performed
with the NIH Image-] Software and Adobe Photoshop CS4 (Adobe
Systems, USA). The colors assigned to the labeled lipid membranes
(red and blue) and to labeled RNA (green) are resulting from the false
coloring of the gray scale images of the fluorescence signals, and are
assigned arbitrarily. Schematic drawings and image overlays were
created with Adobe Illustrator CS4 (Adobe Systems, USA). Protocell
counts, density, size distribution, total membrane area, and volume
analyses were also performed in Image-| and plotted in Matlab R2018a.
The analysis of protocell number and size over time during fusion was
performed with Matlab. Fluorescence intensity profiles were drawn in
Matlab after applying median filtering.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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S1. Experimental setup

The optical fiber for co-application of IR-B radiation and the microfluidic pipette for the
superfusion of RNA-oligonucleotides were positioned above the substrate surface,
using 3-axis water hydraulic micromanipulators (Figure S1). The tip of the fiber and the
pipette are placed on opposite sides in order to target the same membrane area on the



substrate. The inset in the upper left corner of Figure S1 shows the flat polished tip of
the optical fiber with a core diameter of 50 ym.

Micromanipudator 2
' (for microfluidic pipette)\

Micromanipulator 1 Y
(for IR laser fiber)

Figure S1 | Photograph of the experimental setup. Inset: flat tip of the IR laser fiber.
S2. Characterization of IR-laser heating

The local temperature changes caused by the IR laser heating were estimated from the
absolute temperature measurements with a CHCO-005 E-type microtemp thermocouple
(junction diameter: 25 um, Omega Engineering, UK). Optical fiber and thermocouple
were positioned above the sample using motorized micromanipulators (Scientifica, UK)
(Figure S2a). For the measurements, the thermocouple was placed above the surface
in the center of the heated region. Temperatures were recorded while the thermocouple
was lifted up in z-direction in 10 ym steps. Measurements were performed for three
different laser intensities, as employed in the compartment formation, growth and
merging experiments. Plots of the obtained data are presented in Figure S2b.

Due to the unavoidable direct absorption of IR irradiation by the thermocouple itself, the
measured temperatures are somewhat higher than the actual temperatures in the
medium. This is particularly grave in the range between 0-40 um in z-direction (open
circles in Figure S2b), where the measured temperatures increase to unphysical values
above the boiling point of water. Since boiling is not observed, we can conclude that the
actual temperatures are below 100 °C. These data points were excluded, and only the
data points shown with filled circles are fitted by means of a linear regression in order to
estimate the temperature on the surface (z=0). According to this approximation, the lipid
sample is heated up to temperatures of 39, 89 and 122 °C (as measured, see section
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below for discussion of these values) when the laser diode current is 0.73, 0.97 and
1.22 A, respectively. The directly measurable laser current is stated rather than the
laser power, which can be extracted from the U/I/P chart in the manufacturer data sheet
(www.seminex.com) of the 4PN-104 1470 nm (NA 0.22 fiber coupled) laser diode. The
continuous wave power output at 1 A corresponds to approximately 100 mW.

b160

Micromanipulator 1 A A Microm ulator 2 o =073
(for IR laser fiber) [ 1 1 (fi ® |=0.73(absorption)
. 1 140 | =0.73(linear fitting) |

o 1=097
® [=0.97(absorption)
= |=0.97(linear fitting) |
1=1.22
® |=1.22(absorption)
= 1=1.22(linear fitting) | |

y 80 8
%" o P —
/\ Microtemp~—= \ 60 b ]

Temperature (°C)

thermocouple

L 1 1 s o o
0 50 100 150 200 250
Distance in Z position (um)

Figure S2 | Characterization of the local temperature profile caused by IR-laser heating.
(@) Photograph of the experimental setup for the temperature measurement using
thermocouple. (b) Plot of measured temperatures at three different laser intensities employed in
the experiments.

We can distinguish between three different temperature ranges for each of the three
different laser settings. There may be an additional component in the
temperature/distance relationship for the two higher laser power settings for the height
range between 200 and 250 ym distance from the surface, which corresponds to the
situation where the thermocouple is outside the irradiated volume (cone of acceptance),
which we have not considered in the analysis. At the lowest power setting, the direct
absorption by the thermocouple metal is greatly reduced, due to the almost complete
absorption of the light by the water volume in between fiber end and thermocouple. The
measured values are for this setting accordingly very close to the actual temperatures
near the membrane. Temperatures obtained from the measurements for the two higher
power settings are biased by the self-absorption of the thermocouple, and need to be
also corrected for the influence of strong local heat convection, which continuously
supplies a stream of cold medium to the lipid assemblies on the surface. We estimate
that the temperatures on the surface are likely not exceeding 70 and 90 °C for the two
higher power settings. More accurate direct temperature determinations would be
possible using ion conductivity measurements in a glass capillary,[1] or a different
means of temperature control (bulk heating) can be considered.



S3. Image analyses

We performed image analysis using Matlab2018a to detect the compartments in the
recorded micrographs to be able to count their number and to calculate their diameter,
over time. Briefly, a suitable threshold to convert the gray scale micrographs to binary
images, was adjusted every 250 frames of the time series to correct the intensity
fluctuations, photo-bleaching and similar effects. Next, imfindcircles function was used
to detect the circles using circular Hough transform. Figure S3 shows a sample output
image from the analysis shown in Figure 3c. A Matlab script has been provided as a
separate supplementary file.

Figure S3 | Sample output image of imfindcircles function of Matlab, showing the identified
circular compartments.

S4. Details of computational model

We perform two sets of simulations: (1) fusion initiating at the equator of the
compartments and (2) fusion initiating along the connecting tube. For both simulations
the initial configurations are similar (schematically depicted in Figure S4). In the first
case, the vertices highlighted in red are connected along the contact (neck) line (red
solid line in Figure S4), and the circumference of the contact line is constrained. In the
second case, two vertices with the same initial coordinates are placed along the red
dashed line in Figure S4, which allows us to define two faces that separate the two
neighboring vesicles. In the set of simulations regarding case 1, the energy minimization
leads to a separation of the vertices within the first steps, thus preventing an
intersection of the two vesicles. In the second set of simulations the midline along the
tube (red dashed line in Figure S4) is constrained. In all simulations, the outer points
(shown in green in Figure S4) and the faces between them are constrained to a
cylinder of radius 1, where we define all lengths in units of the cylinder radius. The
lowest vertices and the lines connecting these vertices are constrained to a height z=0,

4



while all other vertices, lines and faces are constrained to z>0. The total area is
constrained to 450.

Figure S4 | Initial configuration of the simulation. All lengths are given in units of the tube
radius.

We determined the bending energy by integrating the mean curvature over the entire
surface, using the built-in star_perp_sq_mean_curvature method. The Surface Evolver
software[2] uses finite element methods on a two-dimensional mesh in space to
minimize the bending energy, which is defined as the integral of the squared mean
curvature over the surface. The bending energy E,, of each vertex reads:

By = 4,3 (220’ ®

with A,, the area of the facets adjacent to the vertex and N,, the volume gradient, which
is defined as:

NU=%(U1X‘UZ+‘UZXv3+'-'+vn><v1), (2)

with v4, ..., v,the neighboring vertices. A detailed description of the numerical methods
can be found in the Surface Evolver manual.[3]



Figure S5 | The bending energy, rescaled by the energy of a spherical vesicle is shown in
dependence of the length of the contact line. The number of mesh refinements N,
corresponding to simulation step 1, 2, 3 and 4 are shown in different colors.

The equilibrated membrane shape is obtained through a series of four energy
minimization steps, which read in the Surface Evolver letter code:

Fusion at the tube:

step 1: {g 20; u}3;{{V;g 20}30; u ;g 20}2

step 2: r;w 0.1;U;{V;g 50}10; U;g 20

step 3: r;w 0.05;U;{V;g 50}10; U;g 20

step 4: r;w 0.02;U;V;g 50;u;{V;g 50}9; U;g 20

Fusion at the equator:

step 1: g 50; u; g 100;U; g 100;U

step 2: r;w 0.1;{{u;g 50}4;{V;g 50}}2;g 20
step 3: r;w 0.05;{{u;g 50}4;{V;g 50}}2;g 20
step 4: r;w 0.02;{{u;g 50}4;{V;g 50}}2;g 20

Step 2, 3 and 4 start with a mesh refinement (‘r’). In Figure S5 we see that only the first
mesh refinement leads to a significant improvement of the energy minimization. In
Figure 4 in the main text the minimal energy found within the four simulation steps is
shown.



S5. Stable pore formation in fused compartments

The mathematical model for fusion shows the formation of a stable pore when fusion
initiates at the equator of two adjacent compartments. We also observe stable pores in
fused compartments in our experiments (Figure S6, also Figure 3 of the main
manuscript). Such pores are not observed before fusion, or if the fusion occurs between
the compartments initially residing on the same nanotube (Figure 3d-k for fused
compartments initially were on the same nanotube vs. Figure 3l-u for compartments
initially were on different nanotubes).

Figure S6 | Stable pores in fused compartments. (a) 3D confocal micrograph of the formed
protocells (b) cross section of protocell sample close to the surface (x-y plane) (c-f) cross
sections of protocell sample (x-z plane). Protocells numbered 1-8 in (a) have small cavities
formed after fusion of adjacent protocells. Cross sectional profile of the numbered protocells,
along the color-coded dashed lines in (b), are shown in (c-f).

S6. Encapsulation of fluorescein vs. RNA inside the protocells

As described in the manuscript, we delivered the RNA to the compartments locally
using an open-space microfluidic device which resulted in the encapsulation of RNA
inside some of the compartments. FAM conjugated 10 base long polyA RNA
oligonucleotides were prepared in nuclease-free water. For experiments, the RNA
concentration was adjusted to 40 yM with HEPES buffer. The encapsulation efficiency
of free fluorescein sodium salt is compared to FAM-RNA oligonucleotides. The



fluorescein encapsulation shows higher efficiency (Figure S7). Only a few protocells
encapsulate and maintain RNA fragments. This might be due to the higher molecular
weight and structure of RNA compared to the fluorescein dye.

MW: 376.27

MW: 538.47

HNV\AAO;?%

OH 9

Figure S7 | Encapsulation of fluorescein dye vs. FAM conjugated RNA oligonucleotides.
A microfluidic pipette is used for the superfusion of free fluorescein and FAM-conjugated RNA
oligonucleotides to a membrane area populated with protocells. (a) Confocal micrograph of a
membrane area with the microfluidic pipette re-circulating free fluorescein above it (top view).
(b) After exposure is stopped, the initially fluorescein-free compartments are observed with
fluorescein cargo. (c) fluorescein sodium salt molecule (MW: 376.27 g/mol). (d) Confocal
micrograph of a membrane area with the microfluidic pipette re-circulating FAM-conjugated
RNA fragments above it (top view). (e) After exposure, only a few protocells, shown in (e) (white
arrows), and in (f), encapsulate and maintain RNA fragments in the ambient aqueous solution.
(9) Fluorophore-conjugated RNA molecule (MW: 538.47 g/mol).

S7. Supplementary Movies

Movie S1-3 | Rapid nucleation and growth of protocells. Movies S1-S3 show the rapid
nucleation and growth of vesicular compartments from the underlying lipid nanotube network
upon increase in temperature.

The region shown in Movie S1 ‘Experiment 2’ corresponds to Figure 1c-e and Figure 2a. The
region shown in Movie S1 ‘Experiment 1’ corresponds to Figure 1f-h. ‘Experiment 1-2’ in Movie
S1is accelerated 94x and 71x, respectively.

‘Experiment 3-5’ in Movie S2 are accelerated 101x, 114x and 136X, respectively.

8



The region shown in Movie S3 corresponds to Figure 2c-f, and the movie is accelerated 5x.

Movie S4-6 | Fusion of protocells. Movie S4-S6 show the fusion of protocells on lipid
nanotube networks upon exposure to higher intensity IR laser radiation.

Movie S4 and S5 correspond to Figure 3. In Movie S5, the outline of lipid nanotube network is
overlaid to facilitate the observation of location of fusion events with respect to the nanotubes,
i.e. same or different tubes. Movies are sped up 5x. Between each part (Part I-1ll) the recording
is stopped and re-started.

Movie S6 is accelerated 85x.

Movie S7 | Encapsulation of RNA oligonucleotides and following fusion of protocells.
Movie S7 shows the superfusion of FAM-conjugated RNA oligonucleotides by means of a
microfluidic pipette (Part |) followed by fusion events induced by activation of the IR laser (Part

).

Movie S7 Experiment 1 and Experiment 2 correspond to Figure 5c-m and Figure 5r-t,
respectively. Movies are accelerated 5x.
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We employ model protocell networks for evaluation of molecular transport through lipid nanotubes as
potential means of communication among primitive cells on the early Earth. Network formation is
initiated by deposition of lipid reservoirs onto a SiO, surface in an aqueous environment. These reservoirs
autonomously develop into surface-adhered protocells interconnected via lipid nanotubes while encap-
sulating solutes from the ambient buffer. We observe the uptake of DNA and RNA, and their diffusive
transport between the lipid compartments via the interconnecting nanotubes. By means of an analytical
model we determine key physical parameters affecting the transport, such as nanotube diameter and
compartment size. We conclude that nanotube-mediated transport could have been a possible pathway
of communication between primitive cells on the early Earth, circumventing the necessity for crossing
the membrane barrier. We suggest this transport as a feasible means of RNA and DNA exchange under
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Introduction

How the first living cell emerged from prebiotic matter on the
early Earth is still an unsolved question. Current studies focus-
ing on this problem utilize synthetic model precursors of
primitive cells, the ‘protocells’. Protocells carry features of
living cells, but are structurally and functionally much
simpler." A feature in common with a modern cell, which is
surrounded by a plasma membrane is a biosurfactant bilayer,
which establishes a boundary, an identity, and an interface
suitable for chemical exchange.>® A bilayer envelope satisfies
one of the three conditions of the Chemoton model, the
hypothetical chemical entity which features all necessary cri-
teria of ‘living’.* A membranous protocell is typically prepared
under laboratory conditions via self-assembly of bulk amphi-
philes in an aqueous solution.>?

In order to cross the boundary between the non-living and
living matter, a primitive cell needs to be able to develop, grow
and eventually self-replicate, resulting in formation of geneti-
cally identical daughter cells. To undergo Darwinian evolution
during this process, protocells should attain the ability to
sense, and adapt to, relevant changes in the environment.
Such changes can include perturbations caused by other proto-
cells. Modern cells, for example, can communicate by secreting

Centre for Molecular Medicine Norway, Faculty of Medicine, University of Oslo, 0318
Oslo, Norway. E-mail: irep@uio.no

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
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10418 | Nanoscale, 2022, 14,10418-10427

primitive prebiotic conditions, possibly facilitating early replication.

chemical signals into their surroundings, which is recognized
by nearby cells, that are either in direct contact, or a short dis-
tance away.”® The response can be manifold, for example
tuning the gene expression to change density of the cell popu-
lation, or induce cell division. Whether bacteria or eukaryotes,
cellular communication and division pathways require the
coordination of multiple sets of proteins and ligands” which
primitive cells were initially lacking. How protocells could have
attained over time the ability to expediently perform communi-
cation and division, is a pending question.

Recently, we reported spontaneous formation of protocell-
nanotube networks following a set of autonomous shape trans-
formations on solid substrates.'®'* The resulting structure is a
population of surface-adhered protocells interconnected with
lipid nanotubes. The nanotubular structures within the net-
works resemble the tunneling nanotubes (TNTs) between
mammalian cells, which enable direct communication by
transporting signaling molecules and even organelles.">"?
TNTs are also observed in bacterial cells, and likely provide an
alternative route of intercellular exchange of cytoplasmic mole-
cules and plasmids.'*”"” Whether the nanotubes in protocell
networks'® would allow the transport of molecules, e.g. via
molecular diffusion,'® was initially not established.

In this work, we have investigated the ability of lipid nano-
tubes in surface-supported networks to transport prebiologi-
cally relevant constituents between the compartments: small
water-soluble molecules, RNA and DNA. The protocell net-
works were formed for that purpose from label-free lipid mem-
branes, allowing the focus of observations to be solely on fluor-
escently-labeled cargo. Our findings confirm that the nano-

This journal is © The Royal Society of Chemistry 2022
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tubes function as tunneling interconnections between proto-
cells, and are capable of transporting molecules and genetic
polymers diffusively among them. We also characterized, sup-
ported by a dynamic analytical model, key physical parameters
that are influential for the transport process. We hypothesize
that nanotubes could have established a feasible means of
communication and replication between prebiotic protocells,
as in the investigated environment identical RNA and DNA
fragments are easily distributed to nearby network nodes.

Results and discussion
Formation of protocell-nanotube networks free of fluorophore

We started our experiments by preparing protocell-nanotube
networks (PNNs) according to the protocol by Koksal et al.*®
Briefly, a suspension of multilamellar vesicles (MLVs) is
brought in contact with a SiO, surface in an aqueous environ-
ment. Upon contact with the surface, each MLV acts as a lipid
reservoir and spontaneously spreads as a double bilayer mem-
brane, driven by the surface adhesion. Continuous spreading
causes a buildup of membrane tension, and the distal (upper
with respect to the surface) bilayer eventually ruptures followed
by its transformation to a network of lipid nanotubes. The
network resides on the proximal (lower) bilayer. In order to
minimize the membrane curvature and overall surface free
energy, sections of the nanotubes swell over time and form
spherical unilamellar compartments. The resulting structure is
a PNN consisting of several lipid compartments connected via
lipid nanotubes. The detailed characterization of this process
was reported in our earlier work.'”'" A schematic drawing and
a fluorescence micrograph of a fluorescently-labeled PNN
(control) are shown in Fig. 1a and b respectively. Thereafter we
prepared PNNs from label-free lipid membranes in order to
exclusively visualize cargo molecules in the network without
crosstalk™ with membrane fluorescence.

We used differential interference contrast (DIC) microscopy
to visualize the label-free PNNs (Fig. 1c-h), and the lipid nano-
tubes therein (Fig. 1d, e, g and h). The lack of fluorophore-con-
jugated lipids appeared to not interfere with the spontaneous
formation of phospholipid protocell-nanotube networks.
Overall, the findings were consistent with the PNNs formed
from lipid preparation containing labeled phospholipids
(Fig. 1b).

Encapsulation and transport of cargo

Following the formation of PNNs, we introduced fluorescent
cargo to the ambient solution in the vicinity of the compart-
ments by means of an open-volume microfluidic device.>*' A
selected sample region was locally superfused with an aqueous
buffer containing the cargo molecules (Fig. 2a). The supplied
cargo molecules were ATTO 488 (Fig. 2a), a 10-base RNA
labeled with fluorescein amidite (FAM), or a 20-base single-
stranded DNA (ssDNA), also labeled with FAM. During superfu-
sion, fluorescently-labeled cargo molecules are spontaneously
internalized by the protocells. Although the lipid compart-

This journal is © The Royal Society of Chemistry 2022
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ments have similar diameter, the fluorescence intensities of
their internal volumes vary after superfusion (Fig. S1t). If the
uptake solely depended on direct permeation of molecules
across the lipid membrane, compartments of similar size
would have reached similar internal concentrations after
exposure for the same time period.>* Since we observe very
different intensities for different vesicles, we think that a tran-
sient pore-enhanced uptake route dominates. A similar obser-
vation was reported in an earlier study, where the concen-
tration of encapsulated fluorescein inside containers of
similar size ranged from 20% to 90% of the concentration of
the external medium.>* Finite element simulations of
diffusion through membrane pores predicted the experimental
findings well.>* According to these simulations, 3-5 pores of
nm size in a micrometer-sized container would account for the
experimentally observed uptake.*”

Earlier research has shown that lipid membranes open up
transient pores to reduce membrane tension that arises due to
factors such as mechanical stress,>® osmotic stress>* or optical
illumination.”> The opening of a pore enables the lipids to
cover a smaller surface area, lessening the tension on the
membrane while simultaneously releasing the excess internal
liquid volume. Subsequent closure of the pore is driven by the
edge (line) tension of the curved lipids at the edge of the
pore.”>?® Determining the position and number of pores in a
vesicle can only be performed in very specific environments,
e.g. extreme solvent viscosity to stabilize the pores.*?

In protocell-nanotube networks, simultaneous collapse and
emergence of vesicles on the same membrane region can be
observed,'® which indicates variations in local membrane
tension. Additionally, during superfusion the network is
exposed to a gentle hydrodynamic flow (10-100 nl s~'), which
may add to the mechanical stress on the membranous proto-
cells, increasing the membrane tension and facilitating the
formation of transient nanopores through which the cargo can
diffuse. Our observations on surface-adhered lipid compart-
ment systems'*>*” show that the transient pores can contract
and close, indicated by the prolongation of fluorescence signal
of the encapsulated constituents in the sealed compartments
which is distinguishable from the ones which immediately
leak the constituents (several minutes vs. seconds).”> The
latter leads to a sudden decay in fluorescence intensity
measured inside the compartments.>>

The concentration of FAM-RNA and FAM-ssDNA inside the
compartments after 4 min of superfusion was observed to be
lower compared to ATTO 488 (Fig. S1t). This is likely due to
the higher molecular weight of the RNA and DNA, slowing
down their diffusion through the pores (6.8 kDa for FAM-
ssDNA, 3.4 kDa for FAM-RNA vs. 0.8 kDa for ATTO 488). The
cargo molecules that are not encapsulated by the PNN during
superfusion, are aspirated by the microfluidic pipette due to
continuous recirculation.”” Upon termination of superfusion,
the ambient buffer instantly becomes free of cargo.

The encapsulated cargo could be observed within the
model protocells and nanotubes of the network via confocal
microscopy. The confocal micrograph presented in Fig. 2b

Nanoscale, 2022, 14,10418-10427 | 10419
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Fig. 1 Protocell-nanotube networks (PNNs). (a) Schematic drawing of a protocell-nanotube network. The network and compartments are adhered
to a surface supported bilayer. (b) 3D reconstructed confocal fluorescence micrograph of a PNN formed from a fluorescently-labeled membrane
(control). The inset shows a xy cross section of the two adjacent vesicles. (c—h) Differential interference contrast (DIC) microscopy images showing
PNNs formed from unlabeled lipid membranes. DIC micrographs showing sections from the equator (c and f), and base (d and g) of the PNNs. The
magnified version of the regions framed in dashed lines in (d and g) are shown in (e and h), revealing several nanotubes (black arrows).

shows encapsulated ATTO 488 inside a surface-supported
PNN. It confirms that the cargo molecules can enter the nano-
tubes, but cannot alone affirm their ability to transport the
cargo. There remains still the possibility that the nanotubes
are not conducting, but contain membrane defects which

10420 | Nanoscale, 2022, 14, 10418-10427

could block the tubes and prevent the exchange of molecules
between the compartments.

After encapsulating the cargo, we investigated the transport
of the molecules within the network by means of fluorescence
recovery after photobleaching (FRAP) experiments (Fig. 2c—f).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Encapsulation of molecular cargo inside PNN and FRAP experiment. (a) Schematic representation of the encapsulation experiment. An open-
volume microfluidic device (microfluidic pipette) creates a confined exposure zone around the protocells, delivering different cargo molecules, e.g.
fluorescent dye ATTO 488. (b) 3D confocal micrograph of a label-free PNN upon encapsulating fluorescent dye inside the nanotubes and the proto-
cells. (c—e) Schematic drawing of the FRAP (fluorescence recovery after photobleaching) experiment. (c) The fluorescent cargo is encapsulated
inside the protocells and the connecting nanotubes, corresponding to (b). (d) Cargo in one of the protocells in (a) is photobleached using high laser
intensity. (e) The fluorescence recovers due to the diffusion of fluorescent cargo from neighboring protocell through the nanotube. (f) Schematic

graph depicting typical FRAP curve.

FRAP is a commonly used technique in cell biology and bioma-
terials science to determine dynamic processes e.g. membrane
fluidity,"® protein localization and mobility,”® protein traffick-
ing in intercellular nanotubes®**° and intracellular protein
transport in ER or Golgi.*"** When an isolated lipid vesicle encap-
sulating a fluorescent solution suspended in a non-fluorescent
aqueous environment is photobleached, its intensity does not
recover as there is no access to a new source of fluorophores for
replenishment (Fig. S21).* If the vesicles are physically connected
through the tunneling nanotubes (Fig. 2¢ and d), and the mole-
cules are able to diffuse through the tubes, the fluorescence of
the photobleached vesicles recovers (Fig. 2e and f).

We verified this hypothesis by encapsulating ATTO 488,
FAM-RNA and FAM-ssDNA in several nodes of the protocell
networks, photobleaching selected compartments in the
network and subsequently measuring the recovery of the
initially photobleached compartments. The results from mul-
tiple experiments are shown in Fig. 3. Each plot in graphs
Fig. 3a, h and 1, labeled with a capital letter, shows the fluo-
rescence recovery of a single compartment within a network.
Fig. 3a-g are associated with the experiments using ATTO 488,
Fig. 3h-k RNA, and Fig. 31-o DNA as encapsulated molecular

This journal is © The Royal Society of Chemistry 2022

cargo. Fig. 3b-d and e-g show confocal microscopy time series
from two different experiments. For each experiment, the
recovery of the compartments encircled in dashed lines was
monitored and plotted in Fig. 3a (I and B). Plot E in Fig. 3h is
obtained from the lipid compartment shown in Fig. 3i-k, and
plot C in Fig. 31 from the compartment in Fig. 3m-o. Confocal
microscopy time series corresponding to all other plots shown
in Fig. 3 are presented in Fig. S3-5.F

Plots A-D in Fig. 3a show a final recovery of ~10-20% of the
initial fluorescence intensity. Plots E-I show more rapid recov-
ery up to 65% (plot G) of initial intensity. The compartment
represented in plot H could only be monitored until 115 s and
further data collection could not be achieved. Plots F and I
show a decline after reaching 40% of the initial intensity.
Decrease in fluorescence intensity can be due to inherent
photobleaching caused by continuous imaging,* or leakage
from the compartments into the ambient solution via transi-
ent pores or defects in the membrane.>* Sott et al. character-
ized diffusive transport of fluorescein within vesicle-nanotube
networks.'® These networks were manually generated by a
microneedle technique. The authors concluded that dissipa-
tion factors such as leakage and photobleaching led to a

Nanoscale, 2022, 14,10418-10427 | 10421
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Fig. 3 FRAP of selected compartments within PNNs. Three different cargo molecules, ATTO 488 (green color), FAM-RNA (magenta color) and
FAM-ssDNA (cyan color) were loaded into protocell networks. (a) Plots show 9 FRAP experiments of ATTO 488 (A-1), each plot representing one
experiment. (b—d) Confocal micrographs corresponding to plot | in panel (a): (b) ATTO 488-containing model protocell prior to, (c) during, (d) after,
photobleaching. (e—g) Micrographs of the experiment corresponding to plot B in panel (a). (h) FRAP curves for RNA (plots A to F). (i—k) Micrographs
of the FRAP experiment corresponding to plot E in panel (h). (1) Plots showing 4 FRAP experiments for DNA (plots A to D). Micrographs of experiment
C are shown in (m-o0). The compartments monitored for recovery are encircled in white dashed lines.

minor reduction of fluorescent contents in the network. We
provided a detailed discussion in ESI section 4t based on the
experimental results depicted in Fig. S6.f It is plausible that
up to a 20% fluorescence loss over time could be due to
leakage through the membrane, but we also take into account
content loss from photobleaching. The latter is not a physical
loss, but a reduction of signal from fluorescent species that are
still within the container.

Another possibility is transport of content from the recovered
vesicle to adjacent compartments through other established
nanotubular connections. It is challenging to determine to
which exact compartments transfer of material would occur, as
protocell-nanotube networks are extending out of the field of

10422 | Nanoscale, 2022, 14,10418-10427

view for tens to hundreds of micrometers. RNA-containing com-
partments (Fig. 3h-k and Fig. S47) recover ~12-26% of the orig-
inal intensity over a time period of 100-120 s. It was more chal-
lenging to internalize DNA inside the network compared to
ATTO 488 and RNA, due to its comparatively larger size. We con-
ducted a total of four FRAP experiments with DNA (Fig. 3l-o
and Fig. S51). The amount of recovery varied between ~12% and
36%. We observed the transfer of all cargo molecules between
the compartments, and established thus proof of principle.

Geometric parameters influencing transport

We employed a simple analytical model to determine the
impact of certain geometrical parameters for the molecular

This journal is © The Royal Society of Chemistry 2022
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transport within the protocell-nanotube networks (Fig. 4). between the compartments, length and radius of the connec-
Although other transport mechanisms between vesicles via tive nanoconduits were taken into account to calculate the
nanotubes have been reported, e.g. Marangoni transport,®® for ~ diffusion rate®”*® and relaxation time.*”

the model we mainly focus on molecular diffusion as means The fluorescence recovery, F, over time, t, takes the form of an
of transport. Rate equations describing the equilibration of exponential function (Fig. 2f) and a FRAP curve can be fitted to:*
particles between two*”*® or more*® chambers connected with

a capillary (Fig. 4a) were previously established. Volume of the
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Fig. 4 Geometric parameters influencing molecular diffusion in a two-vesicle system. (a) The analytical model is based upon two vesicles with dia-
meters d; and d,, connected through nanotube with a radius of r and distance L. ATTO 488 transports to the photobleached vesicle. Plot depicted in
a black continuous line in (b-e) is experiment shown in Fig. S6.1 Dashed lines in (b-e) are obtained with different variables applied to eqn (3). One of
the curves in each graph fits to the recovery curve of the photobleached vesicle (solid line) while changing the (b) tube radius (r), (c) diffusion coeffi-
cient of the cargo molecule (D), (d) compartment diameter (d), and (e) nanotube length (L).
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where Fy,ax is the maximum fluorescence recovery and 7ejax is
the relaxation time, which is the time for the system to reach
chemical equilibrium (F,.x) at constant, initial diffusion rate.
In reality the diffusion rate decreases over time as the concen-
tration gradient between two compartments decreases. The
relaxation time (eqn (1)) stands for the duration of time at the
end of which, the fluorescence recovery reaches (1 — 1/e) of
Froaxe

For a simple system with two spherical vesicles, the relax-
ation time, 7re1ay, is given by:*”

AL L
= > (2)
Vi+ Vo \&r<D

where V; and V, are the volumes of the compartments between
which the diffusion takes place. The diffusion coefficient, D, is
distinct for each molecule, while r and L are the radius and
length of the nanotube. Because V = nd’/6, this expression can
be written using the diameters, d, of the vesicles:

Trelax

did; L
Trelax — ﬁ (6r2D> (3)
1 2
The above-mentioned models are based on simple, closed
systems (dead ends) containing = straight tubular

connections®”*®*° (Fig. 4a), where the networks in our experi-
ments typically consists of multiple protocells with a
branched, complex network of nanotubes extending outwards
with many inter-connections and junctions (Fig. 1). Another
feature that is different in our experiments is that the receiving
(photobleached) lipid compartments are not free of cargo but
contain the cargo with quenched fluorophores (Fig. 2d).
Despite these differences, the models appear to provide a good
approximation to the experimental system we have.

We compared the fluorescence recovery time of the com-
partment shown in Fig. S67 to the relaxation time (eqn (3)) pre-
dicted by the model®” (Fig. 4b-e). The two adjacent compart-
ments in the experiment contain ATTO 488, which has a
diffusion coefficient (D) of 400 pm” s~'.*' We assume that the
protocell compartments are spherical and connected with a
straight tube of length L between the centers of their base.
Each of the two compartments has a diameter of 4.2 pm and
we take L = 4.2 pm since the compartments are located very
close to each other (Fig. S67). Despite their proximity, it is not
likely that these two compartments are fused, based on the
mathematical model characterizing the fusion within the
PNNs'! (Fig. S7t1). The radius of the nanotube, r, is the
unknown variable.

Recovery time based on nanotubular connections with
varying nanotube radii were plotted while keeping d; = 4.2 pm,
dy = 4.2 ym, D = 400 pm” s™', L = 4.2 pm (¢f. eqn (1) and (3))
(Fig. 4b). The best match of the experimental curve to the
theoretical curve was achieved for the tube with a radius of
50 nm (Fig. 4b). This is within the range of tunneling nano-
tubes observed in cellular'? and artificial systems.*>

Next, we focused on diffusion coefficient of the cargo mole-
cule. Fig. 4c shows how diffusion coefficients varying from

10424 | Nanoscale, 2022, 14,10418-10427
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200-800 pm? s~! would change the recovery time of the photo-
bleached molecules, i.e. the time for the fluorescently-labeled
molecules to travel from one compartment to the photo-
bleached one in the two-vesicle system our model is based on
(Fig. 4a and c). The recovery curve for ATTO 488 shown in ESI
section S4,t follows the trend predicted for D = 400 pum? s™* in
Fig. 4c. This agrees with the reported diffusion coefficient of
ATTO 488.** Since we do not have any control on the locations
of vesicle nucleation sites, which later transform into proto-
cells, we could not identify an isolated two-vesicle network in
experiments involving RNA and DNA. Here we would expect a
slower transport as the diffusion coefficients of the RNA and
DNA are smaller than of ATTO 488. For a 20-base single-
stranded DNA in aqueous solution, D was determined to be
152 um?® s7' (ref. 43) and for 10-base RNA, 186 pm”> s ~.**
Therefore in a closed two-vesicle setting, the recovery, ie.,
transport, of RNA/DNA would be similar to the one shown
with red dashed line in Fig. 4c.

Fig. 4d shows multiple plots corresponding to compart-
ments with varying sizes. As anticipated, the larger the dia-
meter of the compartments, the more time it takes to reach
equilibrium. For the receiving (photobleached) vesicle this
means more volume needs to be filled, while for the donating
vesicle it means a lower probability for the cargo to reach the
entrance to the nanotube.

Finally we investigated the length of the nanotube (Fig. 4e).
With increasing nanotube length the travel time of the cargo
in the nanotube increases, resulting in slower fluorescence
recovery (Fig. 4e). The nanotube length, related to the distance
between the protocells, is directly proportional to the relax-
ation time (eqn (3)). The exact length of the connecting nano-
tubes in the experiments is difficult to predict, as they are
almost never straight due to pinning and branching.'"*’

The recovery curve of the experiment shown in Fig. S6f
(plot shown with a continuous black line in Fig. 4b-e) declines
gradually over time. This can be due to inherent photobleach-
ing caused by continuous imaging,** or leakage from the
compartments>>*° as discussed above.

Conclusion

Our findings confirm that the lipid nanotubes in surface-
adhered protocell networks are open, and allow molecular
transport between the interconnected bilayer-encapsulated
compartments. The rate of the diffusive transport is highly
dependent on the structure of the network and influenced by
the parameters such as the radius and length of the nano-
tubes, size of the compartments and the diffusion coefficient
of the molecule that is transported. There is a physical limit to
how small the radius of the lipid nanotubes can be without
the presence of curvature stabilizing proteins,*® rendering the
other parameters deciding factors for the diffusion rate in a
prebiotically relevant context. We conclude that it appears feas-
ible to increase complexity by encapsulating reactants for pre-
biotic reactions in PNNs, in order to gain a deeper understand-

This journal is © The Royal Society of Chemistry 2022
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ing of possible chemical communication processes within
primitive cell populations at the origin of life.

Materials and methods
Lipid preparation

Lipid suspensions were prepared with soybean polar extract
and E. coli polar extract (Avanti Polar Lipids, USA)
(50:50 wt%), using the dehydration-rehydration method."”
Briefly, lipids were dissolved in chloroform in a 10 mL pear
shaped bottom flask leading to a final concentration of 10 mg
mL™". Chloroform is toxic and highly volatile and should
always be handled under a fume hood with associated per-
sonal protective equipment. For the sample shown in Fig. 1b,
1 wt% of lipid-conjugated fluorophore 16:0 Rhod Liss PE
(Avanti Polar Lipids, USA) was added into the lipid mixture,
and for the sample shown in Fig. S2a, 1 wt% ATTO 655 DOPE
(Atto-Tech GmbH, Germany). 300 pL of the dissolved lipid
mixture was placed in a rotary evaporator and the solvent was
removed at 24 rpm and reduced pressure (20 kPa) for 6 hours
to form a dry lipid film. The dry lipid film was rehydrated with
3 mL phosphate-buffered saline (PBS) followed by addition of
30 pL glycerol. The PBS contained 5 mM Trizma base, 30 mM
K;PO,, 30 mM KH,PO,, 3 mM MgS0,-7H,0, and 0.5 mM Na,-
EDTA (pH = 7.4, adjusted with H3;PO,). The lipid suspension
was kept at 4 °C overnight to allow swelling of the lipid cake.
The following day, the suspension was sonicated for 5-10 s at
room temperature, leading to formation of a giant vesicle sus-
pension. The suspension was aliquoted and stored at —18 °C.

Surface preparation

SiO, surfaces were fabricated at the Norwegian Micro- and
Nano-Fabrication Facility at the University of Oslo (MiNaLab).
SiO, films were deposited onto glass cover slips (Menzel Gliser
#1, 100-150 pm thickness; WillCo Wells B.V., Amsterdam, NL)
by E-beam physical vapor deposition using an EvoVac instru-
ment (Angstrom Engineering, Canada), to a final film thick-
ness of 84 nm.

Sample preparation

For sample preparation, two 4 pL droplets of lipid suspension
were placed on a clean glass and dehydrated in desiccator for
20-25 min under low pressure. The dry lipid film was rehy-
drated for 10 min with 0.5-1 mL of Na-HEPES buffer contain-
ing 10 mM HEPES and 100 mM NacCl (pH = 7.8, adjusted with
NaOH). The rehydrated suspension was later transferred into
an observational chamber containing Ca-HEPES buffer
(10 mM HEPES, 100 mM NaCl and 4 mM CaCl,, pH = 7.8,
adjusted with NaOH). The sample was kept at room tempera-
ture for 2-3 days for PNN formation and protocell growth.
Alternatively, to speed up the protocell growth, the sample was
incubated at 35 °C until the following day to promote protocell
growth."!

This journal is © The Royal Society of Chemistry 2022
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Encapsulation of cargo molecules

The cargo molecules were delivered with an open-volume
microfluidic pipette***" (Fluicell AB, Sweden) positioned using
3-axis hydraulic micromanipulator (Narishige, Japan) to the
vicinity of the protocell-nanotube structures. The protocells
were superfused with solutions of Ca-HEPES buffer containing
500 pM of ATTO 488 carboxyl (Atto-Tech GmbH, Germany).
DNA solution was prepared and delivered in nuclease-free
water (Thermo Fisher Scientific, USA) by dissolving 200 uM of
20-base ssDNA (5'-/56-FAM/TGT ACG TCA CAA CTA CCC CC-3/,
Integrated DNA Technologies, USA). 10-base RNA oligomers
(5'-FAM-AAA AAA AAA A-3', Dharmacon, USA) were dissolved in
nuclease-free water to a final concentration of 100 pM.
Exposing the nanotube networks rapidly to nuclease-free de-
ionized water -a hypotonic environment- facilitated the rapid
swelling and growth of membranous compartments (Movie
S1%), reducing the time period of growth from hours' to
minutes.

Microscopy imaging and analysis

Imaging has been performed using Laser scanning confocal
microscope DMi8 (Leica Microsystems, Germany) equipped
with a 40x oil objective (NA: 1.3). The 3D fluorescence micro-
graphs in Fig. 1b and 2b were reconstructed using the Leica
Application Suite X Software (Leica Microsystems, Germany).
Image enhancement (brightness/contrast) of fluorescence
micrographs in the figures was performed with the Adobe
Photoshop CS4 (Adobe Systems, USA). Schematic drawings
were created with Adobe Illustrator CS4 (Adobe Systems, USA).

FRAP

FRAP experiments were performed using the FRAP module in
the Leica Application Suite X Software. UV diode laser
(405 nm, 50 mW) with 50% intensity was used for the photo-
bleaching. A circular region of interest (ROI) on each protocell
was defined. The ROIs were monitored during pre-photo-
bleaching (~10 s), photobleaching (~10 s) and post-photo-
bleaching (>115 s), consecutively.

The FRAP curves in Fig. 3, 4 and S6f show the recovery
period after photobleaching. The FRAP curve in Fig. S27
includes the period prior to photobleaching. The normalized
fluorescence intensity (Inormalizea) Of the plots in Fig. 3, 4 and
I(t) — I
Linitial — 1o
rescence intensity at time ¢, I, is the fluorescence intensity
right after the photobleaching/at the beginning of the recovery,
and I is the fluorescence intensity prior to the photo-
bleaching. In Fig. S6,7 the normalized fluorescence intensity
of the donor (Inormalized,donor) and acceptor (Inormalized,acceptor)
protocell after photobleaching was determined as:

S21 was determined as: = , where I(t) is the fluo-

Idonor (t) - IO. acceptor

Inormalized, donor = and

Io, donor — IO‘acceptor
Iacceptor(t) — Iy, acceptor

Inormalized, acceptor —

, respectively. Igonor(t)
Io, donor — IO,accepmr

and ILceeptor(t) are the fluorescence intensity of donor and
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acceptor protocell, respectively, at time . Iy, qonor and Iy, acceptor
are the fluorescence intensities when ¢ = 0, i.e. the beginning
of the fluorescence recovery, for the donor and acceptor proto-
cell, respectively. All graphs in Fig. 3, 4, S2 and S6f were
plotted using MATLAB R2020b.
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S1. Encapsulation of cargo molecules

Three different fluorescent cargo molecules with varying molecular weights were
introduced to the protocell-nanotube networks (PNNs) using an open-space microfluidic
pipette! % a fluorescent dye (ATTO 488) (Fig. S1a-b), RNA (Fig. S1c-d) and DNA (Fig.
Sle-f). Panels a,c and e, represent the part of the experiment during which the
fluorescently labeled cargo molecules are continuously exposed to a region on the PNNS.
Panels b,d and f shows the networks after ~4 min of exposure.

superfusion (~4 min) after superfusion

superfusion
"-..zone

"-,‘

ATTO 488

FAM-RNA

FAM-ssDNA

Figure S1. Encapsulation of different cargo molecules. a, ¢, e) Confocal micrographs ~4 min into the
superfusion, and b, d, f) right after superfusion is terminated. (a-b) ATTO 488, (c-d) FAM-RNA, (e-f) FAM-
ssDNA.



S2. FRAP of an isolated vesicle (control)

We performed a control FRAP experiment on an isolated, surface-adhered giant
unilamellar vesicle (GUV) containing ATTO 488 (Fig. S2a-b). Upon photobleaching, no
recovery was observed (Fig. S2c¢-d). This result confirms necessity of a nanotubular
connection for recovery of the fluorescence intensity of a lipid compartment in PNNS.

Figure S2. FRAP of an isolated GUV on a solid substrate. (a-b) Confocal micrograph of an isolated GUYV,
encapsulating ATTO 488. (a) shows the membrane fluorescence, and (b) the fluorescence of the internalized
dye, ATTO 488. Photobleached GUV (c-d). (e) FRAP curve corresponding to (b-d). The diameter of the
vesicle is 4 pm.



S3. FRAP experiments

Confocal microscopy time series corresponding to the plots shown in Fig. 3 of the main
manuscript. Several FRAP experiments were performed for each cargo molecule ATTO
488 (Fig. S3), RNA (Fig. S4) and DNA (Fig. S5). Each experiment is labeled with the
capital letters matching the labels of the plots in Fig. 3a,h,1.

ATTO 488

prior to photobleaching photobleached fluorescence recovery prior to photobleaching photobleached fluorescence recovery

5 um

Figure S3. Confocal micrographs showing before, during and after photobleaching of compartments
encapsulating ATTO 488 in different experiments: A (a-c), C-H (d-u). Each set of micrographs show a
model protocell targeted for photobleaching (encircled in dotted lines). Three time points in each
experiment represent: prior to photobleaching, during photobleaching (arrows) and during fluorescence

recovery.



FAM-RNA

prior to photobleaching photobleached fluorescence recovery

5um

Figure S4. Confocal micrographs showing before, during and after photobleaching of compartments
encapsulating RNA in different experiments: A-F (a-0). Each set of micrographs show a model protocell
targeted for photobleaching (encircled in dotted lines). Three time points in each experiment represent:
prior to photobleaching, during photobleaching (arrows) and during fluorescence recovery.



prior to photobleaching photobleached fluorescence recovery

Figure S5. Confocal micrographs showing before, during and after photobleaching of compartments
encapsulating DNA in different experiments: A-D (a-i). Each set of micrographs show a model protocell
targeted for photobleaching (encircled in dotted lines). Three time points in each experiment represent:
prior to photobleaching, during photobleaching (arrows) and during fluorescence recovery.



S4. Fluorescence recovery in a two-compartment system

A FRAP experiment followed by the transport of ATTO 488 between two adjacent
protocells has been presented in Fig. S6a-c (same as Fig. S3d). Fig. S6d shows the
fluorescence intensity of the donor (yellow plot) and acceptor (green plot) protocell, over
time. The dashed line is the theoretical fit based on a two-compartment model® (Fig. 4),
which overlaps with the fluorescence recovery (green plot). The high fluorescence
intensity of the leftmost protocell in Fig. S6¢ maintains during several minutes, indicating
that it has no open nanotubular connection to protocell 1 or 2, and is not a contributing
donor compartment (Fig. S6a).

prior to photobleaching photobleached fluorescence recovery

photobleached
“protocell

d
1
Py
‘s 0.81
c
Q
E
(]
(8]
S 061
a 2 theoretical fluorescence
g i recovery
>
T 04 = _IWzaswedosocooc-- \_ ........
g I el
® / 1
£ ’
s 024 J
=2 ’
’
’
’
U
O T T T T T
0 50 100 150 200 250
Time [s]

Figure S6. Fluorescence intensity of a two-compartment system after photobleaching of one of the
compartments. (a-c) Protocell 1 (encircled in dotted line) is photobleached. (d) Fluorescence intensity of the

donor (yellow plot) and acceptor (green plot) vesicle, over time.

After 100 s the fluorescence intensity of compartments #1 and #2 (Fig. S6d) reach an
equilibrium at 40% of the initial concentration of the donor compartment (#2). If the

7



experimental system depicted in Fig. S6 was free of dissipation factors* such as leakage
or photobleaching, both protocells would reach 50% of the initial concentration, as
predicted by analytical and numerical methods that describe diffusive transport of non-
interacting particles in a two-vesicle system®. However, the total amount of fluorescence
intensity of the two protocells in Fig. S6 reaches approximately 80% after 100 s; 20% have
been lost due to other factors than inter-vesicular transport.

The characteristic time of leakage from a single lipid vesicle, 7, can be used to calculate

the permeability coefficient P of a solute through the vesicular membrane: 7 = é where

V and S are the internal volume and surface area of the vesicle, respectively® 7. This

. o R . . .
expression can be simplified as = —, where R is the vesicle radius. The fluorescence

intensity I(t) inside a vesicle at a given time ¢ is given as I(t) = Iy + (I, — Iy) (1 — e_é),
where Io is the initial fluorescence intensity of the vesicle, i.e. before leakage, and I~ is the
intensity after an infinite period®”. Io=1 (100% at t=0 s in Fig. $6). After an infinite period,
the cargo completely leaks out and is diluted in the ambient buffer, thus I-- = 0. This leads

t _
tol(t) =e rand P = %.

Assuming that a loss of 20% of the total intensity from a vesicle during 100 s is entirely
due to leakage (I(t) = 0.8), where R =2.1 um (Fig. S6), P can be determined as 0.156 X
10~%cm/s. The permeability coefficient depends on various factors®, e.g. membrane
composition, lipid phase, chain length, sterol type. Permeability coefficients of different
lipid membranes have been reported®'2. P across a DMPC:DPPC (50:50) bilayer was
calculated as 0.2 x 10~°cm/s for ATP. P of fluorescein through GUVs composed of
DPPC, DOPC and cholesterol (1:1:1) was determined as 19.4 + 1.8 x 107® cm/sby Liet
al. 2. For vesicles with the same phospholipid composition as used in our work, P values
for fluorescein and 10-base RNA taken up are ~ 0.5- 1.0 x 107 cm/s 1, slightly higher
than what we determine for ATTO 488 in the experiment related to Fig. S6. In summary,
it is plausible that the 20% fluorescence loss over time could be due to leakage through
the membrane, but we also take into account content loss from photobleaching. The latter
isnot a physical loss, but a reduction of signal from fluorescent species that are still within
the container.

Fig. S7a shows the cross-section of the protocells in Fig. Sé6a. Despite their proximity,
spontaneous fusion between the compartments is not likely, as energy input is required
to create pores in initially isolated bilayers. Fusion in PNNs induced by external cues was
previously observed, and characterized with a mathematical model’. It is expected that
if the two compartments fuse at their equator, they will rapidly form a larger

8



compartment containing a stable circular pore (Fig. S7b-d). Maintaining a transient state
over minutes (Fig. S7c) is not energetically favorable, therefore it is not likely that the
compartments shown in Fig. S6a/S7a, are fused.

Figure S7. Possible steps of fusion of adjacent protocells. (a) Cross-section of the adjacent protocells in Fig.
S6. (b-d) The possible steps of fusion between the compartments in PNNs, induced by external cues.

S5. Supporting Movie

Movie S1. Rapid formation of protocells during DNA exposure. Laser scanning
confocal microscopy time series showing rapid formation and growth of protocells from
the nanotube network during DNA exposure.
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