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AAbstract 

This thesis focuses on the shape transformations of biomembrane assemblies on solid surfaces 
as models featuring primitive, cell-like compartments at the origin of life: the protocells. On solid 
substrates the biomembranes are able to spontaneously perform non-trivial morphological 
transformations resulting in formation of protocell-nanotube networks, or 
subcompartmentalized protocells. The work includes a detailed characterization of the 
interaction of lipid membranes with surfaces made of various micro-engineering materials 
including silica-based substrates, metal oxides, polymers and graphene. The networks are utilized 
for investigating possible communication among protocells through the nanotubes. The special 
emphasis has been put on membranous superstructures which are reminiscent of bacterial 
colonies with hundreds to thousands of adjacent compartments. In contrast to the widely 
accepted membranous protocell models consisting of single unilamellar vesicles, the surface-
based biogenesis provides alternative routes to sophisticated primitive membrane systems both 
in terms of structure and function.  
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11 Introduction 

How first living cells emerged on the early Earth is still an unanswered question. In fact, the exact 
criteria of living have not been conclusively defined. A 2012 paper by Trifonov1 analyzed the 
mutual words among 123 published definitions of life which led to nine main groups of terms: 
system, matter, chemical, complexity, reproduction, evolution, environment, energy and ability. 
It is evident that sufficient amount of our understanding of life, represented by these keywords, 
are associated with the characteristics of biological cells, the earliest and basic entity of all living 
organisms capable of self-sufficiency and reproduction. One theoretical model, the chemoton, 
has laid out three essential characteristics of a minimal cell to be considered as living2: a heritable 
form of information; a metabolic system producing energy and building components; and a 
membranous physical boundary. Contemporary living cells carry all these features including the 
membrane boundary termed ‘the plasma membrane’. 

A substantial amount of the experimental effort in origin of life research has been put into 
combining membranous compartments with other prebiotic materials and environmental 
conditions representing early Earth. The aim is to build an understanding of the response of the 
primitive compartments to the external components and conditions, and ultimately instigate the 
development and self-reproduction of compartments mimicking the origin of life. A commonly 
utilized model of membranous compartments comprises single-shelled lipid vesicles freely 
suspended in aqueous media. These vesicular compartments are formed via self-assembly of lipid 
monomers upon dispersion into aqueous environments. 

In this thesis, I investigated a different route to the formation of protocells: solid surface-based 
pathways with a special focus on autonomous compartmentalization ability of lipid assemblies. 
Surfaces intrinsically have excess energy which can be harnessed by soft materials upon contact, 
specifically with lipid agglomerates. On surfaces, lipid compartments can perform complex shape 
transformations resulting in interactive compartmentalized structures and protocell populations. 
The experimental systems I developed require only a minimal number of prebiologically-relevant 
components: mineral-like solid surfaces, amphiphilic molecules and suitable aqueous 
environments3. Along with amphiphiles and water, surfaces naturally existed on the early Earth 
in form of minerals and rocks. 

In the light of these ideas, the diverse behavior of lipid membranes on various solid surfaces was 
investigated and reported in Paper I4. In Paper II5 a subcompartmentalization mechanism 
mediated by solid surfaces was introduced, resulting in formation of tens of micro-compartments 
inside a single surface-adhered protocell, reminiscent of intra-cellular organelles. In Paper III 
colony-like protocell superstructures were shown to emerge from simple lipid assemblies via 
mechanisms described in Paper II, and perform non-enzymatic DNA strand displacement 
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reactions. Finally, in Paper IV the capability of protocell compartments to communicate via 
tunneling nanotubes was investigated and reported.  

In the subsequent chapter (Part 2) of my thesis, I provide an overview of the origin of life problem, 
and describe the widely accepted hypotheses as well as the features of commonly utilized forms 
of the prebiotic compartments and their development.  

In Part 3, I introduce the concept of surface and interfacial energies, and explain surface tension 
as well as the features of the micro-engineered and natural surfaces suitable for research 
described in this thesis.  

In Part 4 I describe the properties of lipid molecules, their self-assembly and lipid membrane 
mechanics, which are highly relevant for the membrane transformations. Various forms of lipid 
vesicles and films as key structures in the experiments presented in this thesis are described. 
Details of the membrane-surface interactions, and the transient pore hypothesis are explained. 

Methods and techniques utilized in the papers included in this thesis are explained in Part 5. 
These include preparation of lipid samples, surface fabrication and characterization, confocal 
microscopy, microfluidics applications, infrared laser-based systems for localized heating, and 
analytical modeling. 

In Part 6 I summarize the main findings of each of the published and submitted research papers.  

In Part 7 I conclude my thesis and discuss some of my future perspectives. 
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22 Primitive cell models for the origin of life 

The Origin of Life, i.e., abiogenesis, represents the phase in early evolution during which non-
living matter transformed to living matter6. What makes an entity living? There is no well-defined 
answer to this question. However, the three basic criteria suggested by Gánti provide a plausible 
model2. According to Gánti, a unit containing all basic elements of living -a chemoton- includes: 
(i) a metabolism producing energy and building components, (ii) a replicator unit which can store 
information that can be copied and passed on; (iii) an outer membrane barrier, a compartment 
which contains (i) and (ii), which prevents internalized compounds from getting diluted, and 
supports the system’s growth. The National aeronautics and space administration (NASA) of the 
USA has a broader definition of life: ‘’a self-sustaining chemical system capable of Darwinian 
evolution’’7. Darwin suggested that evolution of organisms happen through the inheritance of 
physical and behavioral traits over generations and that diverse life-forms could have arisen from 
a common ancestor8. This means that the information stored in a chemoton should be open to 
adaptions which are beneficial for the living entity, i.e. ensures its survival. 

Protocells are thought to have been a stepping stone to the origin of life9, first assembling in the 
form of primitive compartments from available materials on the early Earth, and later going 
through increasingly more complex steps over time, such as growth, replication and division. This 
chapter summarizes the current hypotheses about the origin of life and aims to give an overview 
of the environmental conditions on the early Earth, available materials and possible clues which 
may have led to the emergence of life. 

 

2.1 Hypotheses on the origins of life  

Radiometric dating of rocks indicates that the Earth is approximately 4.5 billion years old10, 11. 
The life, as we know it, is water-based, therefore the emergence of water on the early Earth was 
a crucial requirement for life. Water on Earth dates back as early as the Hadean Eon (~4.5 to ~3.8 
billion years ago (Gya))12 and is possibly of extraterrestrial origin13. Analyses from the Greenstone 
Belt in Isua, Greenland, indicates that permanent oceans have existed since ~3.7 Gya14.  

The earliest evidence of life are 3.5 billion years old stromatolites discovered in Western 
Australia15, 16, the sedimentary layers in rocks formed by photosynthetic cyanobacteria. 
Experimental studies indicate that there was at least one common ancestor (LUCA)17 before life 
diverged to different domains including bacteria. The first bacterium had already been a 
relatively complex organism and had simpler descendants, e.g. LUCA, or even more primitive 
cells. Since there is currently no fossil evidence of such structures, many hypotheses have been 
produced, taking into account the possible ambient conditions on the early Earth.  
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One of the earliest hypothesis about origin of life is the panspermia theory which assumes the 
life exists throughout the universe and was delivered as ‘seeds’ to the Earth by space dust, 
meteorites, and other extraterrestrial objects18. The presence of the organic materials in 
meteorites supports this hypothesis19, 20. The idea of panspermia is, however, based on a starting 
point of an already living entity and does not address the question of abiogenesis. 

The gradual emergence of life from a ‘primordial soup’ was proposed in 1920s. Oparin21 and 
Haldane22 independently formulated hypothesis that life emerged from an aqueous suspension 
of inorganic molecules under the oxygen-poor atmosphere of the primitive Earth. Through this 
gradual chemical evolution, organic compounds were synthesized and gave rise to prebiotic 
reactions and complex molecules essential for survival and reproduction of first forms of life. 
According to Oparin, the macromolecules such as proteins were clustered together in the soup 
to form ‘bits of gel’, i.e., coacervates21. Haldane described the accumulation of substances until 
the oceans adapted to the consistency of hot dilute soup and that prebiotic molecules 
concentrated within microcontainers with physical boundaries22.  

In 1953 the Miller-Urey experiment provided the first evidence for the formation of organic 
compounds from inorganic molecules in an artificial environment feasible to have existed on the 
early Earth23. The experiment was performed in a chamber containing a heated pool of water, 
mixture of gases considered to be present on the early Earth (H2O, NH3, CH4 and H2) and artificial 
lightning. As a result of this interaction, several organic molecules was formed and detected, 
among them number of amino acids23. The relevance of Miller’s composition of gases with 
respect to the early Earth atmosphere, however, was questioned, as the concentration of 
methane and ammonia is considered to have been low24. Later it was shown that in conditions 
which better reflected the early Earth environment, with a mixture of gasses dominated by CO2 

and N225, significant amounts of amino acids could still form26. The Miller-Urey experiment alone 
does not explain the way of a possible emergence of life, but it is considered one of the important 
developments elucidating how organic matter from inorganic materials could have been 
hypothetically produced on the early Earth.  

Hydrothermal vents at the sea-floor, which are typically located near volcanically active places 
have been proposed to be plausible locations for the emergence of life27, 28. They are particularly 
interesting, as the environment contains, due to high temperature and high pressure, minerals, 
dissolved compounds and gasses in addition to water. Thee black smoker type hydrothermal 
vents, which form due to volcanic eruptions at the sea-floor, reach temperatures up to 405 ˚C 
inside the vent and cool down to 2 ˚C at the tip of the vent, creating a temperature gradient29. 
The acidic environment (pH 2-3) is rich with dissolved CO2, H2S and metal ions such as Fe(III)28, a 
combination which causes precipitation of iron sulfides - hence the black color. White smoker 
type hydrothermal vents, for example the Lost city hydrothermal fields (LCHF)30, feature a lower 
temperature range 40-90 ˚C and alkaline pH 9-11. The white color is caused by precipitation of 



5 
 

magnesium carbonate, which can grow chimneys of heights up to 60 meter above the sea-floor. 
The water circulation at the tip of the white smokers is driven by heat and exothermic reactions, 
which can result in production of simple abiotic molecules, e.g. H2 and CH430. Hydrothermal vents 
are populated by archaeal microbiomes31, 32, and could have been a possible location for the first 
cells to appear. 

In an environment with high temperature and pressure, metal ions could have been extracted 
from minerals and rocks and entered the oceans on the early Earth33. Metal sulfides rich in zinc 
and iron among other elements have been found in the proximity of the vent sites of deep-see 
hydrothermal vents34. The hypotheses associated with the origin of life are often based on special 
environmental conditions and chemical compositions, commonly referred to as ‘worlds’. The zinc 
world hypothesis, for example, suggests that the first life forms were utilizing ZnS formations of 
hydrothermal origin to drive phtotosynthesis35. The specific role of Zn2+ in biochemical reactions, 
specifically in RNA folding and metabolic processes in modern cells constitute support for the 
zinc world hypothesis. The iron-sulfur world hypothesis, also associated with hydrothermal 
environments, proposes that surface of iron sulfide minerals could facilitate early forms of 
prebiotic reactions, e.g. autotrophic carbon fixation resulting in producing of small molecules of 
inorganic gasses36.  

On dry land, similar environments, e.g. warm little ponds, were proposed by Darwin as suitable 
environment for beginning of life37, 38. Warm little ponds accommodate dry-wet cycles due to 
water evaporation and subsequent precipitation, which concentrates otherwise dilute organic 
molecules39.  

In the context of this thesis work, one prominent hypothesis -the lipid world-40is highly relevant. 
Since the lipid world supports, and is complementary to, the RNA world41, another prominent 
hypothesis on the origin of life, both hypotheses will be explained in detail in the following. 

 

2.1.1 The RNA world 

The RNA world 41, 42 hypothesizes that primitive life was based on RNA as an information carrier, 
not on DNA as in contemporary cells. RNA can act both as a genetic information carrier and as a 
ribozyme, enabling its own replication43. Due to the fact that it can self-replicate, and due to its 
relevance for cellular life, structural and functional versatility, RNA is thought to be the earliest 
genetic molecule in the prebiotic world44. Some cofactors and vitamins that are crucial for a 
working cellular metabolism, such as acetyl CoA, have ribonucleotides as a structural component 
which do not have a functional role in the biochemistry they are involved in45, 46. This is 
considered as evidence that modern biomolecules carry relics of RNA, hence supporting an RNA 
world. Hypothetically, in an environment where complex cellular machinery did not exist, a 
primitive cells capable of forming daughter cells with identical content in some way, combined 
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with a relatively simple molecule capable of self-replicating, could be a feasible milestone on the 
road to the first living cell. 

The RNA world has received significant support47 but is also facing criticism partly due to the lack 
of experimental evidence on the synthesis of ribonucleotides under prebiotic conditions48. In 
recent years, prebiotically plausible syntheses of ribonucleotides have been achieved39, 49, 50. 
Powner et al. demonstrated that pyrimidine nucleotides could be prepared from prebiotic 
molecules such as cyanamide, glyco- and glyceraldehyde and inorganic phosphate49. Becker et 
al. showed the production of both purine and pyrimidine nucleotides from a reaction network 
containing prebiotically feasible components (e.g. cyanoacetylene, NH2, urea, formic acid), driven 
by fluctuations in temperature, pH and dry-wet cycles39. The formation of sugar component of 
RNA backbone, the ribose, was also shown to be feasible under prebiotic conditions50. 

The translation of a RNA sequence into peptides would be challenging for primitive cells, 
therefore self-replication without the need for translation would be beneficial. Ligase, a 
ribozyme, can self-replicate from short precursors creating a self-sustaining system51, 52. RNA 
polymerase, another ribozyme, can synthesize ligase, although with lower fidelity53, and also 
amplify other RNAs54. In general, prebiotic ribozymes are speculated to have been ‘promiscuous’, 
meaning having little specificity such that a single molecule could catalyze several types of 
reactions55. A sequence of one RNA template has been shown to control the translation of RNA 
sequence into dipeptides in the absence of ribosome or enzymes56. 

 

2.1.2 Lipid world 

In 2001 Segré and Lancet et al.40 proposed the lipid world hypothesis as an early evolutionary 
step in the emergence of cellular life. The lipid world concept is motivated by the ability of 
amphiphiles to spontaneously aggregate and to perform diverse functions that are relevant to 
the origin of life.  

Compartmentalization is the primary role of lipid molecule membrane assemblies in biology as 
well as at the emergence of life. Lipid compartments could emerge by self-assembling and 
internalizing reactants in a confined volume57. A membranous boundary would have kept the 
molecules in close proximity, and increase the probability of reactants to interact, thus enhancing 
the reaction rates58.It was shown that encapsulation inside a lipid compartment can promote the 
formation of peptides from amino acids, and effectively protect the process from hydrolysis59. 
Compartmentalization enhanced the affinity of RNA aptamers compared to those only dispersed 
in bulk solution60. 

Lipid aggregates display catalytic activity and therefore can be referred to as lipozymes40 (note 
that lipozymes should not be confused with the commercial class of industrial enzymes under 
the same name). It has been shown that lipids promote polycondensation of amino acids into 
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peptides61, 62, increase binding of nucleotides63, significantly enhance the rate of chemical 
reactions64-66. Lancet discusses in his review lipid catalytic networks capable of Darwinian 
evolution and replication67.  

Lipid assemblies are autopoetic68, which means that they are capable of reproducing and 
maintaining themselves by creating their own components which can assemble into forms similar 
to the original structure69, 70. Lipids are recycled throughout growth and division instead of being 
synthesized de novo. In other words, the compositional repertoire of one primitive cell could 
transfer to next generations67. This can be considered as a compositional genome67, 71, that 
allows to store and transfer information. Therefore, lipids have a direct influence on growth and 
reproduction, hence the system evolution. A detailed discussion about the molecular structure 
of lipids and features of lipid membranes is included in chapter 4. Membrane mechanics.  

Lipid compartments are able to grow and divide. For example, lipid vesicles can grow by enzyme-
free incorporation of new amphiphilic molecules72 and divide as a result of mechanical 
agitation73. Chen and Szostak et al.74 reported lipid vesicle growth caused by osmotic pressure. 
Fatty acid vesicles encapsulating RNA molecule swell due to the imbalance in osmotic pressure, 
which results in an increase in membrane tension. If more fatty acids are available in the 
environment, the molecules are incorporated into the vesicle, resulting in growth over time74, 75. 

Several models of RNA-based life proposed that enzymatic functions would evolve more rapidly 
inside an enclosed compartment58, 66, 76. This offers a perspective on how life could emerge as 
coordinated evolution of nucleic acids, proteins and lipid moieties, rather than individually 
evolving48, 77.  

 

2.2 Prebiotic compartments  

Prebiotic compartments separate two aqueous environments with a physical boundary that is a 
result of aggregation or assembly of available materials during that time. One possible form of 
compartments has been suggested to be solid compartments in form of micro cavities in 
minerals and rocks78, 79 (cf.3.4 Natural mineral surfaces). Besides providing confinement and 
crowding inside micro pores, minerals facilitate prebiotic reactions. It has been shown that 
adsorption of molecules on the minerals can catalyze polymerization reactions80. Clay minerals 
were shown to adsorb, concentrate and catalyze the synthesis or formation of organic 
molecules81. Clay surface are known to facilitate polymerization of RNA82-84 and peptides85, and 
could potentially act as chelating agents due to their affinity to mono- or divalent ions86, capable 
of altering the ionic ambient environment.  

Various types of soft primitive compartments have been proposed as model protocells, with 
different levels of structural complexity, such as aqueous droplets, coacervates and lipid vesicles 
(Figure 2.2.1). 
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Oparin suggested that a mixture of oppositely charged polyelectrolytes could form ‘bits of a gel’, 
small liquid phase droplets separated from water, as possible protocell compartments21. These 
droplets, later termed coacervates, are formed by liquid-liquid phase separation due to changes 
in polymer or salt concentration, pH or temperature, and are capable of spontaneously 
accumulating solutes87, 88. Commonly, one of these phases have a dilute concentration of 
compounds, whereas the other phase is concentrated with these compounds89. The absence of 
an enclosing membrane allows free diffusion of molecules between different droplets and the 
dilute phase90, 91. Strong accumulation and high stability of RNA oligonucleotides92, and enhanced 
ribozyme reactions91, 93 have been observed in coacervates. Coacervates can be surrounded by 
colloidal particles, for example clay94, and can later be chemically or thermally stabilized to form 
colloidosomes95. Compared to coacervates, colloidosomes are able to perform a more controlled 
uptake and release of cargo molecules through nanospaces in the boundary formed by the 
particles96. Phase separated coacervates can serve as a template for adsorption of lipid 
molecules, and formation of a membrane between concentrate and dilute phase97, 98. Fatty acid 
coated coacervates were shown to mediate the selective uptake of molecules and despite the 
dense phase disintegrates, the fatty acid membrane maintains its integrity98. A drawback of the 
coacervate models is the necessity of the conditions for phase separation, e.g. extreme pH or 
temperature, which can negatively affect the encapsulated biocompounds, e.g. genetic 
fragments. In contrast, amphiphilic membranes form via self-assembly without the need of 
external stimuli. 

 

2.2.1 Membranous protocells  

In the work leading to this thesis, membranous compartments99, 100 have been employed as 
protocell models. There are multiple reasons which motivated this choice. The ability to self-
assemble, and simultaneously compartmentalize ambient compounds, as well as other unique 
features of lipids that characterize a “lipid world”, have been described in previous chapters. 
Besides, all modern cells are enveloped in a lipid bilayer. Therefore, if amphiphiles were available 
on the early Earth, it is rather plausible that at least some primitive cells were lipid membranous 
compartments. 

Figure 2.2.1 Prebiotic compartment models in increasing complexity. 
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A number of sources of lipids have been suggested in the prebiotic world. One is the direct 
delivery through meteorites during heavy late bombardment101. This corresponds to the time 
period approximately 4.0 billion years ago, where a high frequency of failed planets and asteroids 
collided with objects in the Solar System, e.g. the Earth moon and Mars101. In carbonaceous 
chondrite meteorites, a wide selection of hydrocarbons, carboxylic, sulfonic and phosphonic 
acids, alcohols, sugars, amines and over 70 amino acids were identified102, 103. Analyses of fatty 
acids extracted from Murchison and Tagi Lake meteorites show chain lengths up to 12 carbons104 
(cf. 4.1 Lipid molecules and lipid polymorphism). This is sufficient for assembly of stable 
liposomes105. In fact, formation of lipid vesicles from hydrocarbons extracted from the Murchison 
meteorite were observed106. The simple phospholipid head group molecule ethanolamine was 
identified in diamond-bearing Almahata Sitta meteorite from Sudan107. 

Delivery of organic matter can possibly also occur via interstellar dust particles (IDP)108. The 
extraterrestrial dust was shown to carry organic matter109-111. Approximately 5,200 tons of 
extraterrestrial dust per year reaches the Earth108, and more than 14,000 organic compounds 
have been detected on interstellar material and meteorites112, 113. Approximately 320 tons of 
organic matter per year is estimated to be delivered to Earth via IDPs alone114. Larsen and 
coworkers pioneered the work on the compositional analyses of IDPs collected from urban areas 
in Norway115.  

The structurally simplest lipid-like molecules are fatty acids with a single molecular chain 
composed of hydrocarbons terminated with a carboxylic acid group. Evidence shows that fatty 
acids can be directly delivered via meteorites. They can also be synthesized under prebiotic 
conditions116-118. It was also experimentally shown that structurally more advanced 
phospholipids, e.g. phosphatidylcholine119 and phosphatidylethanolamine120, could possibly be 
synthesized under prebiotic conditions. Recently, Devaraj et al.121 succeeded in the 
nonenzymatic synthesis of diacylphospholipids in water. 

The collected evidence on the early presence of lipids and the known ability of amphiphilic 
molecules to form compartments suggest that membranous compartments are feasible in the 
protocell context122. Lipid compartments can undergo shape deformations and adapt various 
morphologies as a response and adaption to the external stimuli123, thus keep the compartment 
intact and effectively protect encapsulated cargo. 

Fatty acids have been shown to assemble in aqueous environment into micelles124 or bilayer 
structures74, 75, 125. Bilayer vesicles made of fatty acids can spontaneously grow by incorporation 
of the free fatty acids from the aqueous environment72. An emergent fatty acid vesicle can adapt 
an elongated, thread-like shape, which upon agitation divides into several smaller vesicles, 
setting a new growth cycle73, 126. Spontaneous vesicle division has been induced by addition of 
oleic anhydride monomers into a vesicle suspension, which upon hydrolysis transform into oleic 
acids and incorporate into the vesicles. This leads to formation of vesicle inside a vesicle later 
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diving into two separate compartments127. Another division example involving oleic acid vesicles 
has been presented when oleic micelles were pipetted into the vicinity of the vesicles128. 

Replacement of fatty acids by the structurally more complex phospholipids has been suggested 
to have occurred during evolution. Phospholipid molecules typically consist of two fatty acids 
chains connected with a charged phosphate-containing head group (cf. 4.1 Lipid molecules and 
lipid polymorphism). Fatty acid membranes are more permeable and more dynamic compared to 
pure phospholipid membranes. Fatty acid molecules can rapidly flip between the leaflets and 
incorporate129. In contrary, phospholipid membranes are far less prone to spontaneously 
incorporate lipid molecules or exhibit inter-leaflet exchange, and are also less permeable. In the 
presence of vesicles containing low amounts of phospholipids (10 mol%), the mixed vesicles 
incorporated fatty acid easier than pure fatty acid vesicles129. Incorporation of phospholipid has 
been reported to inhibit permeation by molecules, e.g. sugar ribose, and provide better stability 
in the presence of divalent cations129. Maintaining integrity, retaining important components for 
prebiotic RNA chemistry and excluding the components that are detrimental to the process is 
advantageous for primitive cells in RNA world130. Over the course of evolution, the amount of 
phospholipids in the membrane is thought to have increased, eventually transforming to purely 
phospholipid membranes.  

Recently, mixed lipid vesicles made from fatty acids and phospholipids (1:1) were shown to 
provide faster evolutionary adaptation of encapsulated ribozymes compared to ribozymes in 
bulk. This results support that membranous protocells would provide functional and evolutionary 
benefits for the encapsulated contents instead of acting as passive containers66.   
Under certain pH conditions and in the presence of pre-formed phospholipid vesicle, self-
replication of fatty acids exhibits a ‘matrix effect’131, 132. In general, fatty acids can spontaneously 
form vesicles of various size, but if phospholipid vesicles are present in the system, the size of 
fatty acid vesicles approximate the size of the phospholipid vesicles, hence the matrix effect133. 

Encapsulation and self-replication are more challenging in the case of phospholipid vesicles, 
simply due to the above mentioned features of phospholipids. Diffusion through the 
phospholipid membrane is limited by the size and charge of the diffusing molecules. In Paper II 
we describe a plausible pathway for the internalization of non-permeable fluorescent 
compounds through transient pores134. During the short pore opening time, the external solutes 
can enter the phospholipid protocell135.This uptake path was also demonstrated to be suitable 
for RNA and DNA fragments (Paper III-IV). The phospholipid compartments can hold the 
encapsulated molecules for a period of time and even host simple prebiotically plausible chemical 
reactions (Paper III).  

Division of phospholipid compartments requires energy as well as material input (cf. 4. 
Phospholipid membrane mechanics). In contemporary cells, fission of the membrane can be 
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achieved in several ways, e.g. membrane-adhering proteins136. For the earliest prebiotic cells, 
such proteins or chemical energy sources were not available. Some plausible mechanisms for 
division of prebiotic cell have been proposed, it was reported that scission of cell-sized vesicles 
can be induced by mechanical agitation73, continuous addition and incorporation of lipid 
material128 and osmotic changes or UV light triggering137. Solid surfaces, abundant on the early 
Earth, were lately proposed as a possible contributor in the development of primitive cells, 
specifically as energy source for spontaneous membrane shape transformations138. 

 

2.3 Surface adhered membranous compartments 

The previous subchapter was focusing on membranous compartments freely suspended in bulk 
solution. Surface energy of minerals and rocks could have been utilized by membranous 
assemblies to achieve functions that would not be possible to consistently achieve in bulk. 
Intrinsic energy of surfaces will be explained in detail in chapter 3. Surface energy and wetting 
phenomena. Briefly, solid surfaces, which includes minerals or nanoengineered mineral-like 
surfaces, possess a form of intrinsic physico-chemical energy which can be harnessed to effect 
the transformation of surface-adhered membranes138.  

Experiments in which mineral microparticles were combined with lipid monomers in aqueous 
environments support that surface interactions are favorable for compartment formation113, 139-

141: In the presence of mineral microparticles, the formation of lipid vesicles is amplified 
compared to the environment containing the same concentration of lipid monomers, but free of 
minerals.  

Solid surface areas that are much larger than microparticles (dimensions of a microscope cover 
slide) allow monitoring of all possible unique shape transformations, e.g. the formation of 
protocell nanotube networks142, 143, which has been shown both for phospholipids and fatty 
acids125 and was reported to happen on natural mineral surfaces and a sample of a Martian 
meteorite144. The full set of possibilities arising from protocell structures that form through 
surface-mediated pathways remain to be fully elucidated. One example has been a new division 
hypothesis145. The work contained in this thesis is based on surface-supported routes, in 
particular their capability in forming numerous subcompartments. 

 

2.4 Prebiotic subcompartmentalization 

Cellular subcompartmentalization features spatially distinct environments in which reactants co-
localize and specific functions take place43. Subcompartments are usually contained in a unit cell 
and termed ‘organelles’. There exist some exceptions were organelles are functioning between 
the cells, e.g. exosomes146, or migrasomes147.  
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Cellular compartments can be membrane-bound, or formed by liquid-liquid phase-separation148. 
Experiments focusing on the formation of membraneless compartments are based on coacervate 
models which were explained earlier. Simply, the formation of coacervate droplet inside lipid 
compartments have been achieved as a result of changes in pH88, 149, temperature150, or can be 
formed as a result of immiscible aqueous phases and protein partitioning151. 

Membranous organelles have been previously associated solely with eukaryotic cells. In the last 
decade it was reported that the evolutionary simpler bacteria and archaea also contain 
membranous compartments152, 153. It is therefore plausible that membranous compartments 
have existed in protocells and are evolutionary conserved. The simplest model of a protocell with 
membrane-enveloped inner compartments is a vesosome, a vesicle containing internal non-
concentrically arranged vesicles154. Vesosomes can form randomly as a result of mechanical 
agitation during self-assembly or prepared with advanced techniques such as microfluidics154. 

The formation of compartmentalized structures from the ‘mother’ protocell requires shape 
transformation of the membrane and therefore external stimuli. Upon osmotic shock, vesicles 
were shown to shrink and form multiple daughter compartments by the formation of membrane 
invaginations from the outside inwards155. A similar effect was seen on giant vesicles tethered to 
a solid surface via streptavidin-biotin coupling156. 

In this thesis it is hypothesized that protocell colonies could have possibly formed on solid 
surfaces on the early Earth. Multicellular organisms benefit from the close proximity of individual 
cells, which enhances chemical cell-to-cell communication, and stability in difficult environments. 
Protocell colonies could have had an advantageous position over individual protocells in 
osmotically and mechanically challenging ambient environments, and therefore would likely 
possess an advantage towards Darwinian evolution. Colony-like collection of protocells could 
have facilitated the chemical communication and exchange of components between the 
protocells within the colony. Small molecules can diffuse through the membrane boundaries 
without getting diluted and might initiate chemical communication among the protocells157. The 
formation of ‘vesicle colonies’ might have been a likely step in the emergence of the first cells122, 
but experimentally could only be induced by molecules or cues that are not compatible with 
prebiotic chemistry, e.g. streptavidin-biotin couples158, poly-L-arginine159, oppositely charged 
biopolymers160, or magnetic manipulation161.  

In Paper III we show a prebiotically feasible, consistent pathway for the formation of protocell 
colonies on solid surfaces. The reported colonies are feature rich and exhibit advantages over 
isolated protocells. The system is overall based on only a few necessary assumptions: the 
presence of lipid agglomerates, the presence of solid substrates, e.g. minerals or rocks, and a 
suitable aqueous environment. 
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3 Surface energy and wetting phenomena 

Solid surfaces are one of the key components of the phenomena reported in this thesis. Solid 
surfaces were abundant on the early Earth in the form of minerals and rocks. Mineral surfaces 
have been experimentally shown to promote adsorption of organic molecules and to enhance 
their polymerization80, 83, 84 (cf. 2.1 Hypotheses on the origins of life). They also can drive 
membrane shape transformations resulting in lipid nanotubes networks142, protocells with 
subcompartments5 or protocell colonies125, 142, 144, 162. It is therefore plausible that surfaces could 
have facilitated the formation and further development of primitive cells on the early Earth.  

In this chapter, I introduce the concept of surface energy and wetting phenomena, and give a 
brief account of the features of the nano-/microfabricated and natural surfaces. Surface energy 
is critical for lipid membrane-surface interactions that govern the shape transformations of 
adhered membranes (cf. 0. Membrane mechanics) described in this thesis.  

 

3.1 Surface free energy  

Surface energy is defined as the excess energy at the surface of a material compared to the 
bulk. The atoms or the molecules in bulk of a material have balanced interactions with the 

neighboring atoms or molecules (Figure 3.1.1) in all directions equally, resulting in a net force 
of zero. In contrast, atoms on the surface of the material miss cohesive interactions, i.e., 

attraction between the molecules of the same type. The lack of cohesion on one side of the 
surface atoms causes an imbalance of interactive forces, resulting in increase in free energy.  

Another way to visualize the surface energy is in relation to the force needed to break the bulk 
of a material. Separation of a block of solid material into two pieces requires breakage of the 
molecular bonds between neighboring atoms163. The amount of work applied is proportional to 
the amount of molecules on the newly created surface. The surface free energy (σ, in units of 
N/m or J/m2) is formulated as a function of work (W) per unit of the newly created surface area 
(A). ߪ =  ܹܣ1

Figure 3.1.1 Schematic drawing of the surface and bulk atoms of a solid material. Atoms in bulk experience balanced 
interatomic  interactions, while surface atoms lack these interactions at the solid-air interface.  
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The magnitude of the surface energy depends on the strength of the intermolecular forces 
between the atoms in the bulk. For high energy surfaces like metal or glasses (silica), the surface 
free energy is high, due to the strong covalent or metallic bonds between the atoms. Strong 
chemical bonds affect the boiling point of the material, e.g. high boiling point of metals ( ஻ܶ ߛ) usually correlates with their high surface energy ( ܥ° 2000< >  ଶ)164. The atoms ofି݉ ܬ݉ 1000
low energy surfaces (ܬ݉ 0.05 ~ ߛ ݉ିଶ)165, e.g. plastics, are attached to each other with relatively 
weaker bonds, e.g. van der Waals or hydrogen bonds. 

3.2 Wetting phenomena and interfacial energies  

Surfaces have a tendency to minimize their excess energy. Liquids adapt to the smallest possible 
surface-to-volume ratio by forming spherical droplets. Solids cannot easily minimize their surface 
by physical deformations; therefore, they form interfaces with air or liquids. Molecules on the 
solid surface aim to establish physico-chemical interactions with the available neighboring 
molecules at the interface. Contact with a liquid, for example, causes spreading of the liquids on 
the surfaces in a process termed surface wetting166.  

During wetting of a solid substrate, water (liquid) molecules create interactions with the solid 
surface at the atomistic scale (Figure 3.2.1 a). Wettability can be measured with contact angle 
(θ), which is the angle at the intersection of the contour of a liquid drop with the plane of the 
surface (Figure 3.2.1 b-d). The contact angle results from equilibrium of three different surface 
tensions, each of which strives to minimize the interface: liquid and solid surface (γLS), liquid and 
vapor (air) (γLV) and solid surface and vapor (γSV). 

Young’s equation relates the contact angle to the interfacial tensions (γ) and serves as a 
quantitative description of the wetting phenomena: 

Figure 3.2.1 Wetting. (a) Hydrogen bonding between water-water and surface-water molecules. A liquid droplet 
on (b-c) hydrophilic, (d) hydrophobic surface. (c) Shows total wetting on a high energy surface. 
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 γ୐୚ cos ߠ =  γୗ୚ −  γ୐ୗ  

If the interfacial tension of the solid-vapor interface is higher than the solid-liquid (γSV > γSL), cosθ 
must be positive and the contact angle lower than 90˚ (Fig. 3.2.1 b). For contact angles less than 
90˚ wetting is favorable and the adhesive forces between the liquid and the surface cause the 
liquid to spread (Figure 3.2.1 b). A finite contact angle between liquid and a high energy solid 
surface is established (θ = 0˚), means perfect- or total wetting (Figure 3.2.1 c). Contact angles 
above 90˚ indicate unfavorable surface wetting. This typically occurs on hydrophobic surfaces on 
which liquid drops ball up in order to minimize the contact with the surface (Figure 3.2.1 d).  

Simulations showed that water on a silica surfaces exhibit higher wettability with increased 
density of hydroxyl groups present on the surface167. In addition to the surface free energy and 
its chemical nature, the wettability is closely related the roughness. Certain degree of roughness 
enhances surface wettability168. On the other hand, extreme roughness can turn a high energy 
surface into super-hydrophobic and repel the water169. Such surfaces entrap air between the 
pillars, resulting in only a fraction of the solid surface being exposed to the droplet169. Super-
hydrophobic surfaces have wide applications in nanotechnology, such as unwettable textiles and 
self-cleaning surfaces170. 

 

3.3 Micro- and nanoengineered surfaces 
Diverse membrane assemblies can be formed on solid surfaces with different surface chemistry 
and structure. As mentioned previously, surface energy, materials properties and roughness play 
important roles in behavior of liquids and lipid membranes on the substrate. In Paper I we 
characterized the behavior of different molecular lipid species on variety of micro-fabricated 
solid supports with diverse characteristics. The variety included metals (Al, Au) and metal oxides 
(Al2O3, SiO2, TiO2), semiconductor materials (SiC), ceramics (ITO), minerals (Mica), graphene and 
highly hydrophobic polymers (Teflon AF, SU-8). Each of the substrates was fabricated in a 
controlled manner to understand the sole contribution of surface material to the membrane 
behavior. Microengineering of solid surfaces (cf. 5.2 Surface fabrication) ensures high degree of 
control of the material purity and surface roughness. Due to the precise control of the deposition, 
the engineered surfaces are usually of nanometer thickness and atomically flat. Glass is widely 
used in microscopy of biological samples and was used as a reference surface. TiO2 surfaces are 
of importance in bone and tooth implants171, and graphene has interesting electronic properties. 
It is used in commercial applications, e.g. solar cells172 and anticorrosion paints173. 

Surfaces are subject to contamination from the ambient air, often referred to as surface aging174, 

175. As the surfaces tend to reduce their free energy, they react with the molecules present in the 
air such as airborne hydrocarbons, which can change the wetting properties of the surface176, 177. 
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Therefore, prolonged storage of the surfaces should be avoided. Exposure of the surface to 
oxygen plasma is an efficient technique of eliminating hydrocarbon contamination and increasing 
surface free energy, thus restoring its wettability and hydrophilicity178. 

 

3.4 Natural mineral surfaces 
The micro-engineered surfaces provided great insight into specific surface-membrane 
interactions and interfaces. However, they do not exactly represent natural surfaces e.g. minerals 
and rocks. Natural mineral surfaces are especially interesting in the context of Origin of Life and 
early Earth179 Throughout the Earth’s evolution, the mineral composition increased through 
approximately 60 mineral phases to over 4400 known minerals today180. A mineral is a solid 
inorganic compound with well-defined chemical composition and crystal structure, occurring 
naturally in a pure form, or create aggregates in rocks with spatially distinct phases. Many 
surfaces utilized in Paper I have corresponding natural counterparts in form of minerals or rocks. 
Al2O3 in a crystalline form creates corundum181, a rock-forming mineral, the primary gem 
varieties of which include ruby and sapphire. TiO2 minerals occur in various polymorphic forms 
including tetragonal anatase, rutile, and orthorhombic brookite182. Quartz, a hard crystalline 
mineral composite of SiO2, is the second most abundant mineral in the Earth’s continental crust. 
Al and Si elements are present in many mineral rocks dated to the Hadean Eon183, such as 
plagioclase, feldspar, biotite and phengite, oxides of which make the phyllosilicate muscovite.  

An interesting alternative to Earth’s natural surfaces in the context of the origins of life are 
extraterrestrial materials. Among the planets in our solar system and the water based moons184, 

185, many investigations have been concentrating on Mars186. Mars, based on the data from 
spectroscopic mineralogical work on meteorites187, is thought to have once had an atmosphere, 
which would maintain liquid water. The composition of a Martian meteorite specimen 
(Norwthest Africa NWA 7533) was analyzed and revealed the presence of feldspar and some 
oxides188, 189. NWA 7533 is more than 4.4 billion years old, according to the zircon dating190. This 
time period represents nearly the entire geologic history of Mars. The similarities of the natural 
surfaces and early environment on Mars and Earth inspired investigation of a thin sections of 
NWA 7533 meteorite and other natural surfaces as substrates for protocell formation and 
development in the prebiotic environment144. Here I present preliminary findings on 
subcompartmentalization on a NWA 7533 sample. Upon reproducing the experiments in Paper II 
I observed adhesion of model protocells as well as subcompartmentalization on the Martian 
meteorite (Figure 3.4.1). The results encourage for the studies on subcompartments and 
prebiotic reactions to be performed also on the extraterrestrial surfaces.  
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Figure 3.4.1 Confocal micrograph of subcompartmentalized model protocell on Martian meteorite NWA 7533 
specimen. Several small subcompartments formed inside the surface-adhered model protocell in the same manner 
as on the microengineered surfaces shown in Paper II. 
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44 Membrane mechanics 
Biological membranes have many important roles. The plasma membrane encloses the cell and 
defines its boundary, separating its contents from the external environment. The cell membrane 
consists of a phospholipid bilayer with embedded proteins and other lipid species, e.g. 
cholesterol and sphingolipids. Membranes are selectively permeable to critical nutrients and are 
able to efficiently remove waste to maintain the cell survival. Inside the cell, there exist organelles 
which are also membrane-bound43 (cf. 2.4 Prebiotic subcompartmentalization). While ensuring 
cellular integrity, membranes must maintain physical flexibility to enable cellular growth, to 
respond to mechanical forces, support migration, and undergo division. These demands are 
balanced by the properties of membranes and their basic units, the lipids. In this chapter, I will 
describe lipid molecules and their self-assembly, and summarize some of the important 
parameters determining the free energy of lipid membranes. 

 

4.1 Lipid molecules and lipid polymorphism 
Lipid molecules, by definition, are amphipathic (or amphiphilic) molecules; their structure 
consists of a hydrophilic head group covalently bonded to a hydrophobic tail. The most common 
lipids in cell membranes are phospholipids (Figure 4.1.1). The phospholipid structure consists of 
a hydrophilic head group attached to the two long fatty acid chains via a glycerol molecule. The 
fatty acid chains are hydrocarbons with repeating series of CH2 groups, mostly with 10-18 
repeats. The structurally simplest head group belongs to phosphatidic acid which contains only 
of a phosphate. Any additional molecules attached to the phosphate, such as ethanolamine, 
choline or glycerol, may affect the charge of the head group and the overall charge of the 
membrane. 

In addition to the phospholipids, cellular membranes contain structurally diverse lipid 
molecules191 (Figure 4.1.2). Sphingolipids are present in many eukaryotic cells where they create 
domains with essential functions, e.g. in brain development and maintenance192. Cholesterol is 
built from planar array of four fused aliphatic rings, and is known for significantly affecting 
membrane fluidity193, 194 (cf. 4.3 Lipid membrane fluidity). 

Figure 4.1.1 Chemical structure of phosphatidyl choline, a phospholipid molecule. It consists of a hydrophilic 
headgroup (orange) containing a phosphate and a choline and hydrophobic tails formed of fatty acid chains (yellow). 
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Highly curved membrane regions in bacteria contain cardiolipin molecules, a dimeric structure 
composed of two phosphatidic acid moieties connected by a glycerol backbone 195. Gram 
negative bacteria such as E. coli have lipopolysacharide present in outer leaflet the membrane196. 
Evolutionary simpler archaea have a unique membrane composition which aids survival and 
adaptation to extreme environments. The main components are archaeols, lipids with isoprenoid 
moieties, which are also hypothesized to be present in membrane of LUCA197. 

In the context of the origins of life, different types of amphiphiles are thought to have been 
involved. Structurally simpler fatty acids with a single aliphatic chain have likely emerged before 
phospholipids (cf.2.1 Hypotheses on the origins of life). Fatty acids are pH sensitive and require a 
comparatively higher molecular concentration for their assembly than phospholipids. Their 
dynamic nature is considered to be essential for permeability and growth of the prebiotic cell 
membranes72, 129. The possible sources of fatty acids and phospholipids on the early Earth, and 
the experiments investigating their ability to form prebiotic compartments have been extensively 
discussed in chapter 2.2.1 Membranous protocells.

Figure 4.1.2 Chemical structures of various lipid molecules in cellular membranes.
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4.2 Self-assembly  
Amphiphiles have the ability to ‘self-assemble’ into organized structures. When exposed to 
water, lipids seclude their hydrophobic parts from water, adapting an ordered arrangement. Self-
assembly is an important aspect in the discussion on the origin of life, as it enables primitive 
membranous compartments to form spontaneously without the involvement of chemical 
reactions and bond formation. 

When (polar) water molecules come in contact with a (non-polar) phospholipid molecule, the 
hydrogen bonds (H-bonds) between the water molecules are lost. Water molecules form new 
hydrogen bonds while positioning around the lipid molecule. The result is ‘hydrophobic 
hydration’198; the formation of a clathrate-(cage) like structure of water molecules around the 
hydrophobic tail of the involved amphiphile (Figure 4.2.1 a). The organization of water molecule 
leads to an increase in order of the system, compared to the otherwise randomly dispersed water 
molecules in a bulk. High degree of order results in decrease in entropy and an increase in the 
Gibbs free energy (∆ܩ) of the system:  ∆ܩ = ܪ∆  −  ܶ∆ܵ 

where ∆ܪ is change in enthalpy and ܶ∆ܵ is change in entropy. The system aims to minimize its 
free energy via its entropy: as interaction of water molecules with individual lipid molecules leads 
to an increase in free energy, lipid molecules in aqueous environment self-assemble, excluding 
the water molecules from the vicinity of the tails and forming a hydrophobic core (Figure 4.2.1 
b-c). By doing so, the water molecules restore hydrogen bonding which increases the system’s 
overall entropy and reduces the Gibbs free energy. 

 

The shape of the assembled structures depends on the geometrical parameters of the molecular 
lipid species. The shape of the hydrophilic tail is determined by the double bonds inducing a kink 
in the tail. The geometry of the lipid molecule can be characterized by its volume (ݒ), the length 
(݈) of the nonpolar hydrophobic tail and optimal surface area of the polar head group (ܽ଴). The 
relation between these parameters is defined as critical packing parameter (݌): 

Figure 4.2.1 Self-assembly of lipid molecules. Exposure of hydrophobic moieties to water leads to a cage-like layer 
of water around lipid molecules, increasing order, thus decreasing entropy (a). This causes an increase in the 
surface free energy of the system. To minimize the surface free energy, lipids self-assamble, minimizing the 
exposure of their hydrophobic fractions to water (b-c). 
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݌ =   ଴݈ܽݒ 
Many biomembrane lipids have a cylindrical shape with packing parameter 0,5-1, which entails 
them to organize as lipid bilayers (Figure 4.2.2 a). Molecules with bulky head group adapt a 
conical shape (packing parameter <0,5) and tend to form micellar structures (Figure 4.2.2 b), 
while inverted cone shaped lipids (packing parameter >1) form reversed crystal phases (Figure 
4.2.2 c) e.g. inverse, hexagonal II phase. Other factors affecting the packing parameter are pH, 
ionic strength of the solvent, and temperature199. 

 

4.3 Lipid membrane fluidity 
Lipid bilayers are dynamic; the lipid molecules within the bilayer are in constant motion and 
diffuse in 2D along the plane of the membrane. The lipid diffusion within the membrane was first 
described in Fluid mosaic model200. As the lipid molecules are held in the bilayer by a hydrophobic 
effect rather than strong chemical bonds, the membrane is considered fluid where the lipids and 
other embedded molecules can freely move and mix. The membrane fluidity is affected by the 
critical packing parameter, e.g. saturation of the fatty acid chains. The presence of double bonds 
increases the fluidity, making the membrane less viscous201. Certain lipid species influence 
membrane fluidity. Cholesterol decreases membrane fluidity193, 194, in contrast to the 
phospholipids with unsaturated hydrocarbon chains which disrupt the packing order of the 
membrane202. Addition of sphingomyelin leads to a decrease in membrane fluidity203. Membrane 
fluidity can be also altered by changes in the local temperature. Increase in the temperature 
causes rise of kinetic energy, which helps lipids to overcome intermolecular forces holding the 
molecules together. The acquired thermal energy results in increased movement and more fluid 
membrane, and was shown to speed up membrane shape transformations143 and promote 
vesicle fusion204. 

Figure 4.2.2 Shapes of lipid molecules and structures formed as a result of their self-assembly. (a) Lipid molecules 
with cylindrical shape form bilayers that can transform into spherical vesicle. (b) Lipid molecules with large head 
groups can be considered as conical, and aggregate as micelles. (c) Lipid molecules with small head group and 
branched fatty acid chains can assemble into inverse micelles or inverse hexagonal structures. 
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4.4 Lipid membrane mechanics 
Lipid membranes are ~5 nm thick and can extend along the membrane plane up to hundreds of 
micrometers. Due to their fluid nature and large aspect ratio, membranes can be treated as 
infinitely thin 2D elastic sheet, for which the elastic energy ܨ is described as ܨ =  න݀ܣ  ቂ2ߢ (ܿଵ + ܿଶ − ܿ଴)ଶ + ଵܿଶܿߢ̅  +  ቃߪ 
This is the Helfrich membrane curvature energy205. The first term inside the integral corresponds 
to the bending energy of a lipid membrane. ݀ܣ is the surface area element, ߢ is the bending 
rigidity, i.e., the resistance of the membrane to change its curvature. ܿଵ and ܿଶ are the two 
principle curvatures of the membrane and ܿ଴ is the spontaneous curvature202, 206. The 
spontaneous curvature occurs due to structural differences between the two lipid monolayer 
leaflets206. In my work, this term is neglected, as the monolayers in the membranes are of 
identical composition. The second term in the integral ̅ܿߢଵܿଶ is the Gaussian curvature, where ̅ߢ 
is the Gaussian modulus. For a flat lipid membrane, the Gaussian curvature is 0. For a spherical 
vesicle it is positive. For a saddle shape geometry, it is negative202. In systems where the curvature 
of the membrane is alternating from flat membranes to nanoscale tubular structures, the 
bending term governs the membrane dynamics. In the studies included in this thesis, the 
Gaussian term therefore is neglected.  

The third term ߪ represents the membrane tension. Under low tension the (relaxed) lipid 
membrane expands in the third dimension (perpendicular to the membrane plane) by thermal 
undulations205. Membrane tension increases due to stretching, resulting in an increased distance 
between the neighboring lipid molecules and decreasing number of lipid molecules per unit 
membrane area. The lipid membrane can stretch only up to 5% of its area207 before the 
membrane tension reaches lysis tension (~5-10 mN/m) and ruptures208.  

 

4.5 Formation of vesicles from lipid bilayers 
In an aqueous environment, lipid molecules initially self-assemble into a bilayer as a result of the 
hydrophobic effect (cf. 4.2 Self-assembly ). If the concentration of lipid monomers in the solution 
is sufficient, the lipid bilayer initially adapts the form of a free-standing disc (Figure 4.5.1 a). At 
the edge of the disc, lipid molecules arrange in a micelle-like form (Figure 4.5.1 a, inset) where 
the distance between the lipid molecules is higher, as compared to the lipids in the plane of the 
membrane. This results in an edge tension. The edge energy cost of a lipid membrane is: ܧ௘ௗ௚௘ =  ߛݎߨ2
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where ݎ is the radius of the membrane disc and ߛ is the edge tension, experimentally determined 
to be 5-10 pN134. The edge energy cost increases proportionally to the circumference of the 
patch209.  

If the membrane disc continuous to grow, e.g. due to increased lipid concentration, the 
circumference thus the edge energy cost of the system, increases. To avoid the cost of the edge 
energy, the disc-shaped bilayer bends and transforms into to a spherical compartment (Figure 
4.5.1).  

For this transformation, the bending energy needs to be overcome. ܧ௕௘௡ௗ is based on the bending 
and Gaussian moduli (ߢ and ߢ ഥ , respectively). ܧ௕௘௡ௗ = ߢ2) ߨ4  (ഥ ߢ +

A typical value for ߢ is 10 – 20 ݇ ௕ܶ  (݇௕ ௥ܶ௢௢௠ = ഥ ߢ The Gaussian modulus .207(ܬ10ିଶଵ ݔ 4  is usually 
in the same order of magnitude, but contributes with a negative sign210. As the lipid bilayer grows, 
the tension on the edge increases. At the point when the bending energy becomes smaller than 
the edge energy cost, the membrane favors bending and transforms into an energetically stable 
spherical shape.  ܧ௕௘௡ௗܧ௘ௗ௚௘ < 1 → ߢ2)ߨ4   + ߛݎߨഥ)2 ߢ  < 1 → ݎ   > ߢ2)2  + ߛ(ഥ ߢ     
The radius of the membrane disc (ݎ) should be larger than ଶ଴ ௞್்ଵ଴ ௣ே  for the bending to occur. This is 

the equivalent of several nanometers. This means, if the radius increases more than several 
nanometers, the lipid bilayer becomes instable and spontaneously bends to form a closed vesicle 
(Figure 4.5.1 b).  

Figure 4.5.1 Formation of a lipid bilayer disc with a radius r to a vesicle with radius R. The lipids at the edge of the 
bilayer disc are curved (inset) causing an edge tension. To avoid the high edge energy cost the bilayer disc bends to 
form a spherical vesicle. 
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4.6 Phospholipid vesicles
Lipid vesicles can exist as small (d <100 nm), large (d=~100-500 nm) or giant vesicles (d> 1-100 
μm)211 and can exhibit different lamellarity. Unilamellar vesicles consist of a single bilayer 
encapsulating an aqueous volume. Due to their ability to internalize compounds, liposomes are 
used as pharmaceutical carriers. Liposomes as drug carriers were first proposed in 1974 by Allison 
and Gregoriadis212. Since then the lipid vesicles have been widely used in drug 211, 213-215 and 
vaccine delivery systems216, 217. The liposomal membranes can be further functionalized with 
membrane-embedded polymers, peptides or antigen ligands for active targeting218. Lipid vesicles 
are used to fabricate supported lipid bilayers for biosensors219, 220, for membrane protein studies 
and as a bottom-up structural model for biological cells221, 222 and as models for protocells129, 157, 

223.

Multilamellar vesicles (MLVs) contain multiple bilayers densely packed together and can act as 
lipid reservoirs. The space between the lamellae is filled with a tiny volume of liquid, therefore 
MLVs are also employed as carrier liposomes224, 225. In biological cells, lipid-protein complexes 
known as lamellar bodies contain multilamellar lipid membranes and serve as supply of lipid 
components226. Cells can also create temporary lipid storages by formation of invaginations and 
lipid-dense areas227, 228. Formation of multilamellar outer vesicles has been reported in mutant 
bacteria229.

Multilamellar vesicles are schematically depicted as ‘onion shell’-like structures, with perfectly 
aligned, defect-free bilayers (Figure 4.6.1 a) with no physical connections between the lamellae. 
Evidence indicates that the lamellae inside the MLVs are in reality connected to each other by 
nano-sized defects and fusion necks230 (Figure 4.6.1 b).

The interconnected bilayer structure of MLVs allows unfolding of the lipid bilayer, thus the 
membranes can spread on solid surfaces. In my work I utilized small unilamellar vesicles 
(liposomes) in Paper I for the formation of lipid films; giant unilamellar vesicles as model 

Figure 4.6.1 Schematic drawings of multilamellar vesicles. (a) Perfect concentric lamelles and (b) internal defects 
and fusion necks.
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protocells in Paper II and III; and multilamellar vesicles (lipid reservoirs) in Paper III and IV. The 
shape transformations observed following the deposition of lipid reservoirs on solid supports are 
explained in the following chapters.  

 

4.7 Supported membranes 
When lipid aggregates interact with a flat solid interface, they usually form lipid films of various 
architectures231, 232. Lipid films can form by self-spreading of lipid reservoirs233, or by adhesion of 
several small unilamellar vesicles232, 234-236. Supported membranes are often used as simplified 
models of biological cell membranes. Composition of these biomimetic membranes can be tuned 
and membrane proteins can be embedded, making them useful models for diverse studies and 
applications237, 238. 

One method to form supported membranes is the Langmuir-Blodgett/Langmuir-Schaefer232, 239 
technique, where the substrate is first submerged into an aqueous medium containing lipids, and 
then pulled out, causing the lipid molecules at the air-water interface to form a thin lipid film on 
the substrate. Another method is small unilamellar vesicle adhesion and subsequent rupture232, 

235, 240. When SUVs are deposited onto a suitable solid surface, e.g. glass, each individual SUV 
adheres to the surface, wets an increasing surface area under growing tension in its membrane, 
and eventually ruptures forming a small lipid patch235. Deposition and rupturing of numerous 
SUVs eventually lead to merging of the individual small lipid patches and formation of a 
continuous lipid membrane film over time235. This is a convenient technique formation of 
supported bilayers as the protocol requires standard steps and equipment easily accessible in 
any wet lab. 

Depending on the surface nature and the composition of the lipid vesicles, the membranes 
interact with solid supports in different ways, and form different morphologies. In Paper I we 
show the various behaviors of lipid films on a variety of technologically relevant surface materials, 
including metals, metal oxides, mica, borosilicate glass and plastics. On hydrophilic high energy 
surfaces vesicles form single lipid bilayers (borosilicate glass) or double bilayers (SiO2, SiC). On 
hydrophobic surfaces, e.g. Teflon AF or SU-8, lipid membrane spreads as a monolayer with 
hydrophobic tails directly facing the substrate. In some cases, the SUVs adhere onto the substrate 
without rupturing and form a layer of adhered vesicles, e.g. neutrally charged membranes on 
TiO2 or Mica. 

Large lipid patches are formed by isotropic self-spreading of a lipid reservoir, e.g. MLV142, 208. The 
bilayer spreads either as a single lipid bilayer or as a double bilayer onto the solid surface233, 241 
depending on the type of surface: as single bilayer on glass, and as double bilayer on SiO2. Self-
spreading is a wetting phenomenon (cf. 3.2 Wetting phenomena) and is driven by the surface 
tension at the substrate interface. For the membrane to spread, the tension at the surface-
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aqueous solution interface (ߪ஺) must be higher than the surface-lipid membrane interface (ߪ௅). 
The tension ߪௌ which drives the spreading is therefore defined as ߪௌ = ஺ߪ  −  ௅ߪ 

The lipid reservoir from which the lipids are drawn has an internal tension (ߪ଴), which oppose the 
spreading tension (ߪௌ). The difference between the energy gain by the wetting and the reservoir 
tension is defined as spreading power S ܵ = ௌߪ  − ଴ߪ  = ஺ߪ  − ௅ߪ  −  ଴ߪ 

Spontaneous spreading of the lipid reservoir occurs when S has a positive value. The flow of lipids 
from lower to higher tension region is driven by the Marangoni effect242. The spreading continues 
until the lipid reservoir is depleted, upon which the membranes rupture as the tension exceeds 
the membrane lysis tension (5-10 mN/m)208. Contact of giant unilamellar vesicles with solid 
surfaces of moderate surface energy leads to partial adhesion and formation of dome-like 
vesicles243. High surface tension leads to the rupture of vesicle and formation of a lipid patches 
on the solid substrate244-246, similar to the events following SUV deposition. 

Supported membranes can also form by adhesion of giant vesicles onto solid substrates. The 
adhesion of vesicles can be facilitated by temporary pinning of lipid head groups to surface 
charges247, by complex organic molecules156, 248, or by fusogenic agents. On hydrophilic, 
negatively charged surfaces, multivalent ions, e.g. Ca2+, bridge the lipid molecules to the surface 
by binding to the negatively charged phosphate moiety in the lipid head group162, 249. At the 
interface a thin lubricated layer of water remains between the lipid bilayer and the substrate250. 

 

4.8 Nanotube formation and protocell nucleation 

Lipid nanotubes are key structures in shape transformations described in Paper IV. During 
rupturing of the double bilayer, some regions of the distal membrane remain pinned to the 
proximal bilayer and immobilized. Due to the rapidly elongating membrane edges and the 
pinning points which cannot join the rupturing edge, thin, long membrane threads are formed 
between the rupturing front and pinned regions. The longer these threads become, the higher 
the edge energy cost of the membrane. To minimize the edge energy the elongating membrane 
regions bend and wrap into nanotubular structures142. The edge energy cost of a rectangular 
membrane, in principal similar to the lipid patch, is defined by its length (݈) and the edge tension 
௘ௗ௚௘ܧ .(ߛ) =  ߛ݈

The bending energy of a lipid nanotube is derived from the Helfrich bending energy equation205, 
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௕௘௡ௗܧ = ݎߢ݈ߨ  

for a nanotube with radius (ݎ) and length (݈). This shows that the bending energy cost increases 
with increasing length of the tubular structure. Previously, the relationship between edge tension 
and bending energy has been introduced (cf. 4.5 Formation of vesicles from lipid bilayers), which 
leads to: ܧ௕௘௡ௗܧ௘ௗ௚௘ = ߛݎߢߨ < 1 

This shows that a distal membrane patch with a length of a few nanometers would necessarily 
bend to a nanotube to minimize its edge tension.  

The total energy of a lipid nanotube, f, is given by: 

௡݂௔௡௢௧௨௕௘ = ߨ2 ቀ ଶݎ2ߢ +   ቁߪ
Assuming a minimum nanotube energy, the radius of a nanotube at the equilibrium can be 
obtained as: ݎ = ට  ߪ2ߢ

At constant membrane tension, the radius of a nanotube is typically ~50 nm142, 242. The nanotube 
structures therefore are highly curved bilayers, and therefore their bending energy cost is high. 
To reduce the curvature, nanotubes will tend to evolve to spherical vesicles5, 142.  

In cell biology, tunneling membrane nanotubes enhance cell-to-cell communication and allow 
transport of cellular compounds and organelles in mammalian cells251. Only a decade ago, 
tunneling nanotubes have also been discovered within prokaryotes252. In Paper IV we 
investigated the ability of lipid nanotubes to transport contents between protocells. Note that 
biological nanotubes are stabilized by membrane bending proteins, therefore typically have 
smaller dimensions than pure lipid membrane nanotubes. 

 

4.9 Van der Waals Interactions 

Van der Waals forces are short-range forces depending on the interaction between atoms or 
molecules. These forces may be repulsive or attractive and do not result in any form of chemical 
electronic bond, therefore are comparatively weak164. Van der Waals forces have been studied 
in context of membrane-to-membrane adhesion in various ionic and pH conditions. Between cell 
membranes, the magnitude of van der Waals forces are influenced by membrane composition, 
specifically by the fractions of phospholipids, cholesterol, sugars and proteins253. The van der 
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Waals attraction between lipid bilayers is also dependent on the polarizability of solute molecules 
present in the aqueous space between the two membranes254. In Paper III, we investigated the 
influence of van der Waals interactions between the surface and membrane interface for the 
onset of formation of membrane instabilities/invaginations. 

In the initial phase, the membrane adhesion onto a surface is mediated with pinning points. Upon 
their removal, the thermal energy results in fluctuations of the lipid bilayer, which can be further 
amplified by instabilities. Van der Waals forces at the membrane surface interface are attractive, 
and can destabilize a free interface that confines a liquid255. A longer distance between the 
membrane crest and surface due to the thermal fluctuations causes a decrease in strength of van 
der Waals interactions. This creates a pressure gradient on the neighboring troughs and causes 
influx of solvent, which further promote the process of crest growth. 

Attractive van der Waals interactions (defined by the Hamaker constant ܣு)255 and the 
membrane bending (bending modulus ܭ, units Joules) set a critical wave number (ݍ௖) below 
which the interface is unstable.  

௖ݍ =  1ℎ଴ ൬ ൰ଵ/ସܭߨு2ܣ
 

The magnitude of ܣு reflects the strength of the van der Waals force between the surface and 
the membrane molecules. The critical wave number sets the limit below which the van der Waals 
interactions dominate the membrane bending. Equal or higher wave numbers result in 
suppression of the crest, and the membrane remains stationary and flat. Results in Paper III show 
that the critical wave number corresponds to ~273 nm. The size of the membrane regions that 
are larger than ~273 nm can therefore result in growth of the crease into a spherical 
compartment.  

 

4.10 Membrane permeability and transient pores 
Internalization of complex molecules or genetic fragments inside a membranous compartment 
is considered a crucial step in the process of the emergence of living cells122. This can potentially 
occur by the spontaneous encapsulation of compounds during self-assembly - by forming a 
bilayer around the fragments75, or via penetration through the membrane157. A lipid cell 
membrane, however, especially if made from phospholipids, is limited by the size and the charge 
of the molecules. Generally, only small and uncharged molecules such as oxygen, can freely 
diffuse through the lipid bilayer. Larger and charged molecules are transported in living cells via 
active mechanisms using molecular pumps and proteins43. One other means of encapsulation 
mechanism is the uptake via transient pores134, 256 (Figure 4.10.1). Pore opening in the lipid 
vesicles is driven by membrane tension. To reduce the tension, the membrane creates a pore 
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with a diameter of up to 5 nm257 in order to decrease the membrane area and distribute the lipid 
molecules to the areas with higher tension258. During the pore opening, the internal content of 
the vesicle leaks out, leading to a decrease in volume and therefore in the overall tension of the 
lipid membrane135. Opening of pore creates an edge with its own size-dependent tension, which 
the membrane strives to reduce, thus the pore closes eventually134 (Figure 4.10.1). 

In Papers II-IV we generated a hydrodynamic flow field to induce formation of transient pores on 
bilayers, and observed spontaneous encapsulation of fluorescein and single strand DNA 
molecules. The resulting high encapsulation efficiency indicated the presence of tension-induced 
pores. This hypothesis was also confirmed by finite element simulations in Paper II (cf. 5.9
Analytical models). 

Figure 4.10.1 Transient pore in a giant unilamellar vesicle. When the lipid vesicle is under tension, it opens a pore through which 
internal content is released. The pore closes upon decrease of membrane tension. The experiments depicted here were 
performed in a solution with high viscosity to prolong the time scale and image the process. Reprinted with permission from 
reference 134. Copyright ©2003 Society of Chemical Industry.
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55 Methods 

In this chapter I describe the main methods applied for the studies reported in this thesis. 
Preparation of lipid samples, surface fabrication and characterization, and confocal microscopy 
are the major methods. Other applied procedures such as application of microfluidic tools, and 
analytical computer modeling are also explained in brief. 

5.1 Preparation of lipid vesicles 

For the work included in this thesis, dehydration-rehydration method259, 260 was employed to 
form giant unilamellar- (GUVs) and multilamellar vesicles (MLVs). GUVs and MLVs were prepared 
from various lipid species including synthetic phospholipids or lipid extracts derived from plants 
and animals. Lipid vesicles are formed when hydrated thin lipid films detach during agitation and 
self-assemble in aqueous environment to form spherical compartments (Figure 5.1.1). The 
formation of a homogeneous lipid film of a uniform thickness is the most important requirement 
to obtain a suitable suspension of vesicles. 

During the preparation, the phospholipids and lipid-conjugated fluorophores are dissolved in 
desired ratios in chloroform, leading to a final concentration of 10 mg/ml. The solvent is 
evaporated under vacuum (20 kPa / 150 Torr) while slowly rotating the flask in a tilted position 
to ensure even formation of the lipid film on the walls of the flask. The dry lipid layers are 
rehydrated in aqueous buffer containing 1% glycerol overnight for swelling of the lipid film. 
Presence of the glycerol prevents complete dehydration of the lipid film and enable lipid 

Figure 5.1.1 Preparation of lipid vesicles with the dehydration-rehydration method. Lipid molecules are initially 
dissolved in chloroform and the solvent is evaporated. As a result, a dry lipid cake forms on the walls of the flask. 
Upon rehydration, the lipid cake swells, and forms vesicles with varying lamellarity upon sonication. 
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separation261. The solution is then sonicated to decrease the size and lamellarity of lipid 
reservoirs and produce a homogeneous vesicle suspension. The exposure time should not exceed 
30 s, as prolonged sonication leads to decrease in vesicle size and produce heat which may 
interfere with phase transition temperature of the dissolved lipids and negatively affect vesicle 
formation. The stock suspension can be stored at -20 °C. 

For lipid vesicles sample preparation in Paper II, 4 μl from lipid stock solution is placed on clean 
glass coverslip and dehydrated using a vacuum desiccator for 20 min. The dry film is subsequently 
rehydrated using a buffer suitable for experiments. 

 

5.1.1 Preparation of small unilamellar vesicles  

For sample preparation in Paper I, small unilamellar vesicles (SUVs) were prepared by the 
extrusion method. Extrusion is a common technique where the size of the lipid vesicles of mixed 
lamellarity is reduced by mechanical energy262. 

The lipid vesicles in stock solution were diluted in buffer and initially disrupted by sonic energy 
(sonication) for several minutes. The solution was then filtered through polycarbonate filter using 
a syringe-based plunger system multiple times263. Due to defined pore size, and the deformation 
of the vesicles (elongation) due to shear stress at the pore walls, the extrusion yields vesicles with 
slightly larger diameter than the size of the filter pores, and the final size distribution depends on 
the number of extrusion cycles and extrusion temperature264. The SUVs suspension can be stored 
at +4 °C for up to 6 months without significant change in particle size264.  

 

5.2 Surface fabrication 

Solid surfaces in the work associated with this thesis have been fabricated in dedicated micro- 
and nanofabrication laboratories, i.e., ‘cleanrooms’. Cleanroom facilities are specifically built for 
fabrication in a controlled environment with low to ultralow levels of particulates, required to 
obtain well defined, uncontaminated surfaces and structures. In urban areas, where the air is 
commonly more heavily polluted, there are approximately 300 million particles per cubic 
meter265. In cleanrooms the air is filtered to ensure much lower number of particles, for example 
down to 35 particles per cubic meter in Class 1 cleanrooms266. 

In the work presented in this thesis, microscopy cover slips were used directly as substrate for 
material deposition. Different types of materials have been investigated in Paper I, including 
metals, metal oxides, semi-conductor oxide and polymers. In Paper II-IV aluminum, aluminum 
oxide and silicon dioxide were used. Generally, the materials are deposited as thin films using 
physical and chemical deposition methods, which are described in the following paragraphs to a 
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final thicknesses of 10-100 nm. Deposition thickness was selected such that the surfaces 
remained transparent and are therefore suitable for optical microscopy.  

Silicon dioxide, aluminum, silicon carbide and titanium oxide: The films were fabricated using 
electron-beam (e-beam) evaporation (Figure 5.2.1 a), a physical vapor deposition technique267. 
Briefly, the material source is bombarded with an electron beam causing the atoms from the 
material to be dispelled into the gas phase. These atoms are directed onto the solid substrate, 
coating it with a thin layer of the evaporated material. E-beam evaporation is suitable for 
deposition of materials with higher melting temperature, such as metals and their oxides. 

 

Prior to deposition, the cover slides are loaded into the instrument chamber and the pressure is 
reduced to approximately 10-4 Torr. The filament inside the chamber is then heated until it starts 
emitting electrons. Under high voltage, typically from 5 to 20 kV, the electrons are accelerated 
and focused by a magnetic field onto a material source position at the bottom of the chamber 
(Figure 5.2.1 a). The material evaporates and vapor condenses on the glass slides. The focused 
beam only heats the material source, while the crucible is water cooled, allowing high purity 
deposition267. The thickness is monitored in real-time during deposition by means of a quartz 
crystal microbalance (QCM), and determined by monitoring the mass-dependent decrease in 
resonance frequency of the crystal resonator. 

Aluminum oxide: The aluminum oxide films were fabricated using Atomic Layer Deposition 
(ALD)268, 269 (Figure 5.2.1 b). In this method the film is formed upon cycles of different precursor 
reactions on the surface, one at a time. The glass cover slips are loaded to the chamber and the 
pressure is reduced below to 2 mbar. The system relies on pulsing of the precursor gases into a 
chamber under vacuum (<1 Torr) to allow the precursor to react with the substrate surface. The 
process is self-limiting and forms only a single monolayer on the surface268. For Al2O3 deposition, 
the precursor tetra methyl aluminum (TMA) is pulsed to the chamber, releasing molecule of 

Figure 5.2.1 Schematic drawings depicting (a) e-beam evaporation and (b) atomic layer deposition. (a) Reprinted 
with permission from reference 267. Copyright ©2013 Elsevier. (b) Reprinted with permission from reference 269. 
Copyright ©2014 Elsevier. 
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methanol while forming a dense monolayer. Alternating purges with an inert gas (N2) removes 
the byproduct and unbound precursor molecules. The second precursor H2O is introduced and 
reacts with TMA monolayer, producing a solid aluminum oxide monolayer. Any residing 
byproduct is removed by a second purge with inert gas. The required thickness is obtained by 
several cycles. To create an approximately 10 nm thick layer, 70-100 cycles are required.  

Polymers: Thin deposition of SU-8 and Teflon polymers was achieved with the spin coating 
procedure. The coating material is spread by centrifugal forces and tend toward uniformity in 
thickness due to self-leveling270. A small amount of polymer solution (1 mL) is pipetted on top of 
a circular glass substrate and rotated at high speed up to 10.000 rpm. The used solvent is usually 
volatile and simultaneously evaporates gradually. The final thickness depends on the speed of 
spinning and viscosity of the solution and the solvent. Following the deposition, fabricated films 
are baked on a hot plate.  

Graphene: A monolayer of graphene was grown on a silicon carbide (SiC) substrate by thermal 
decomposition271, 272 (Figure 5.2.2 a). Graphene is an allotrope of carbon with atoms organized 
in two-dimensional hexagonal honeycomb lattice. A single layer can be grown by sublimating 
silicon atoms from SiC substrates at high temperature. The temperature above 1650 ˚C leads to 
desorption of the silicon atoms from the surface (Figure 5.2.2 a),while the carbon atoms with 
lower vapor pressure remain and naturally form a layer of graphene272.  

 

Graphene oxide: The graphene oxide (flakes) substrates, were prepared using the Langmuir-
Blodgett method239 (Figure 5.2.2 b). This method is based on the transfer of graphene flakes in 
methanol as a monolayer adsorbed on the solid interface during vertical dipping. The material is 
deposited onto dust-free 1:1 water:methanol solution, forming a molecular amphiphilic layer on 
the air-water interface. To transfer the film to a solid support, the glass slides are immersed in 

Figure 5.2.2 Schematic drawings depicting the fabrication of graphene. (a) Growth of graphene monolayer from SiC 
substrate by desorption of Si due to increase in temperature. (b) Graphene flake deposition with the Langmuir-
Blodgett method. (b) is reprinted with permission from reference 239. Copyright ©2018 American Chemical Society. 
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the solution and then extracted with the surface film adsorbed onto it. The process can be 
repeated to obtain various consecutive layers. 

  

5.3 Characterization of surfaces  

Zeta potential is the electrokinetic potential established on interfaces of any material in contact 
with a liquid medium. The zeta potential measurements provide information on the charge-
based interaction of dissolved compounds with the solid surface, which is indicative of surface 
functionality. Zeta potential of nanofabricated surfaces in Paper I was measured with the 
streaming potential technique273, suitable for measurements of macroscopic planar solid 
surfaces. 

When a solid material comes in contact with a liquid, the functional groups on its surface react 
with the surrounding medium and the surface charge attracts and accumulates oppositely 
charged ions163 (Figure 5.3.1).  

This creates a surface potential. Acidic groups on the surface dissociate upon contact with water 
and become negatively charged, while basic groups become protonated leading to a final positive 
charge. The equilibrium of dissociation and protonation is strongly dependent on the pH of the 
liquid medium and has strong influence on the surface charge of a material274. The counter ions 
present in the medium then arrange spontaneously into an electrochemical double bilayer 
(ELD)275. Ions in the closest proximity of the surface are immobilized due to strong interactions 
with the surface, and create a stationary layer. The diffuse layer consists of ions which are at 
located at a distance from the stationary layer, less attracted to the surface, and mobile. The zeta 
potential is defined at this hydrodynamic interface, and is measured in millivolt (mV) units.  

For measurements of larger surfaces, the sample is mounted onto a holder in order to form a 
capillary flow channel. The liquid medium, an electrolyte, moves with respect to the solid sample 

Figure 5.3.1 Schematic drawing of the electrochemical double layer. The negatively charged surface attracts 
counterions from the liquid medium, which form a stationary layer. Free ions in solution above the shear plane 
form a diffuse layer. 
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and the ions forms ELD. The resulting charge separation creates electrochemical effects, among 
them streaming potential276. The zeta potential (ߞ) of the surface is then calculated using the 
Helmholtz-Smoluchowski equation: ߞ = ݌∆݈݀݀   × ߝߟ  × ଴ߝ ×  ܣܮ

where ݈݀/݀݌ defines the slope of the plot showing streaming current versus differential 
pressure, ߟ is electrolyte’s viscosity, ߝ and ߝ଴ are the dielectric coefficient and permittivity of the 
electrolyte, and the ܣ/ܮ is the ratio of the length and cross-section of the streaming channel. 

 

5.4 Epifluorescence and confocal fluorescence microscopy 

The most frequently employed instrumental technique in the experimental work leading to this 
thesis was light microscopy, specifically confocal fluorescence microscopy277. Fluorescence 
microscopy requires fluorescent labeling of the lipid membrane structures, which can be 
achieved via incorporation of fluorophore-conjugated lipid molecules into the membrane. 
Fluorophores are chemical moieties which absorb light of specific wavelength (excitation) and 
emit the light (emission) at a longer wavelength278. These fluorescent molecules typically contain 
several annulated aromatic rings. When the fluorophore absorbs a photon, the energy of the 
electronic states of the molecule at the ground state (S0) elevates to an excited state (S1) (cf. 
simple Jablonski diagram in Figure 5.4.2)279. This is followed by rapid vibrational relaxation 
(Figure 5.4.2) during which a fraction of the energy dissipates (non-radiative transition, red 
arrows in Figure 5.4.2). The remaining energy is released by emitting a photon and the electrons 
return to the low energy ground state. This is a radiative transition leading to the fluorescence 
signal (green arrow in Figure 5.4.2). The time scale of the radiative transition is 10-10 to 10-8 s277.  
Fluorophores can be added to biological samples278 to perform imaging of selected structures 
and processes at the nano- and microscale. Since they absorb and emit light at specific 
wavelengths, combinations of fluorophores allow for visualization of different structures 
simultaneously. The experimental work frequently required visualization of fluorescently labeled 
membranes together with water-soluble fluorescent dyes or genetic fragments chemically 
conjugated to fluorophores (Paper II-IV). Accordingly, the absorption and emission spectrum of 
each fluorophore needed to be carefully considered, as spectral overlap can lead to energy 
transfer between the different fluorophore species, resulting in cross-talk and related imaging 
errors. 
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Another related aspect of importance is the photobleaching phenomenon280. Photobleaching 
occurs due to a fluorophore’s irreversible decomposition. Generally, long-term or intense light 
exposure of a fluorescent molecule results in photobleaching. It can be intentionally utilized in 
several microscopy techniques, including fluorescence recovery after photobleaching (FRAP)281, 

282 which is discussed below. 

The thickness of the lipid bilayer is approximately 4-5 nm, and the sample chamber including solid 
support is optically transparent. If the sample, e.g. lipid membrane, is doped with a fluorophore,
the specimen can be illuminated with a selected wavelength in order to visualize it under the 
microscope. In a standard fluorescence microscope (Figure 5.4.3 a)., the excitation light passes 
through an entrance filter, reflects from the surface of a semipermeable (dichroic) mirror, and 
reaches the specimen through the objective lens. The labeled sample component subsequently 
emits light of slightly decreased energy (Stokes shift) isotropically. Parts of this emitted light is 
collected by the objective and passed back through the dichromatic mirror and an emission filter 
to the detector, e.g. a camera or, in case of the confocal microscope (Figure 5.4.3.b), a 
photomultiplier tube (PMT) detector. The wavelength difference between excitation and 
emission light allows the dichroic mirror to discriminate between incident light and sample 
response, and the emission filter removes unwanted contributions from scattered and ambient 
light. The matching combination of filters and dichroic mirror in an exchangeable frame is 
commonly referred to as filter cube. 

The micrographs in this thesis have been obtained with an inverted confocal microscope, where 
the objective is positioned under the sample, facing upwards (Figure 5.4.3 b). This makes it 
possible, in contrast to an upright microscope (Figure 5.4.3 a), that the specimen remains 
accessible from the top, e.g. for liquid exchange or micromanipulation.

Figure 5.4.1 Simplified Jablonski diagram showing the electronic states of a fluorophore molecule.
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In contrast to wide field fluorescence microscopy, where the entire field of view is evenly 
illuminated by the incident light, and an image is obtained as a snap shot, the confocal 
microscope is a scanning technique, where a narrow focal volume is moved across a selected 
region, and the image is constructed from intensity values obtained from the PMT detector. 
Confocal microscopes provide high optical resolution and enable 2D sectioning of 3D samples 
due to the employment of a pinhole for screening of unwanted light. The experiments in this 
thesis were performed with a laser confocal scanning microscopy (LCSM), mostly using a 40x 
magnification immersion oil objective with NA of 1.3. In an LSCM, a focused beam scans the 
sample in a line pattern, and the pinhole aperture (Figure 5.4.3 b) blocks out-of-focus light in the 
image collection path, therefore allows for nearly exclusively collecting light from the focal plane 
with a thickness from 0.5 to 1.5 μm. Through scanning two-dimensional images while elevating 
the focal plane stepwise, sets of thin sections can be obtained and rendered to three-dimensional 
fluorescence images. In epifluorescence microscopy, which does not contain a pinhole, the signal 
is collected from the whole body of the sample (Figure 5.4.3 a), with the disadvantage that fine 
details of the sample structure are convoluted, limiting the resolution.

All optical microscope objectives gather and focus light to the detector through a system of
lenses, which besides providing magnification also ensure aberration- and distortion-free, color-
correct images over a large wavelength range. They are divided into several categories: 
magnification (4-100x), working distance and dry or immersion objectives. In general, dry 
objectives have longer working distances but a lower numerical aperture (NA). The NA value
shows the ability of an objective lens to capture diffracted light arriving from the specimen. The 
NA of a lens is defined as ܣܰ = ݊ sinߙ଴

Figure 5.4.2 Schematic drawings showing (a) an upright epi-fluorescence and (b) an inverted confocal microscope. 
In epi-fluorescence mode, all emitted light reaches the detector. In confocal microscopy, light that is emitted out 
of focus is blocked by a pinhole before reaching the detector. 
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where ݊ is the refractive index of the medium between the lens and the specimen (≈1 for air) 
and ߙ଴ is half the angle spanned by the objective. With increasing NA the resolution in the 
observed sample improves. A measure of the resolving power is given as ߜ =  ܣ2ܰߣ 

where ߣ is the wavelength of light. Immersion objectives operate with a liquid medium of defined 
refractive index between the lens and the sample carrier, which restricts their working distance, 
but provides higher NA. The immersion liquid increases the NA of the objective lens due to its 
higher refractive index, e.g. 1.3 for water and 1.51 for immersion oil. 

 

5.5 Fluorescence recovery after photobleaching  

Fluorescence recovery after photobleaching (FRAP)281, 282 is a method for characterizing the 
mobility and kinetics of molecules. FRAP can be conducted with laser scanning confocal 
microscopy where a selected region on a sample that is homogeneously labeled, e.g. lipid 
membrane, is photobleached with high intensity laser and monitored over time.  

If the sample is fluid and the molecules in the sample are mobile, the photobleached molecules 
will diffuse out of the laser exposed area4, and the fluorescent molecules in the sample that were 
not photobleached repopulate the laser-exposed spot. The diffusion is driven by Brownian 
motion, and its speed depends on the fluidity of the membrane4. Eventually, the photobleached 
molecules will evenly distribute across the membrane resulting in recovery of the fluorescence 
intensity in the initially photobleached region. If the sample is rigid, and the molecules are 
immobile, diffusion will not take place and no recovery will be observed283.  

In Paper I the fluidity of lipid membranes on different microengineering surfaces was investigated 
using FRAP. In Paper IV it was employed to examine the diffusion of fluorescent molecules 
between nanotube connected protocells. In the latter paper, the fluorescent content in the 
aqueous volume inside the model protocells was photobleached, whereas in Paper I it was the 
membrane.  

 

5.6 Near infrared laser heating 

To increase the temperature locally around the lipid membranes, infrared laser heating has been 
employed. Water strongly absorbs light around 1470 nm, corresponding to the short-wavelength 
infrared B (IR-B) that is used in common communication lasers. In Papers II and III we employed 
1470 nm infrared semiconductor diode laser coupled to an optical fiber with a core diameter of 
50 μm (Figure 5.6.1 inset). The optical fiber is submerged into the sample by using 3-axis 
hydraulic micromanipulator (Figure 5.6.1). The fiber tip is located near the model protocell (~30-
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50 μm above the surface) and through it the IR-B laser is projected onto the sample resulting in 
a local temperature increase in the region of interest284, 285. The heating can be applied to an area 
of approximately 400 μm2. 

The temperature can be measured with reasonable accuracy using a microthermocouple285. In 
Paper II we established temperatures of 40-70 ˚C to facilitate the dewetting and 
subcompartmentalization of adherent protocells. Similarly, in Paper III, IR-B laser heating was 
used to enhance growth and fusion of subcompartment colonies.  

 

5.7 Microfluidics 

Microfluidics is a technique of precise manipulation of small volume of liquids (fL to μL) in 
channels of tens to a few hundred micrometers in size286. The microfluidic methods and devices 
provide an advantage of low consumption and controlled manipulation of liquids. 

Liquids in small channels flow in form of smooth lines, termed as laminar flow. In contrast to 
turbulent flow, laminar flow allows two or more fluids to co-flow side by side without mixing. 
This is a result of the microscale dimensions, characterized by low Reynolds number (Re). Re = ρv଴L଴η  

The Reynolds number is a non-dimensional number defined as a ratio of inertial forces such as 
liquid density (ρ), velocity (v଴) and channel length (L଴) to viscous forces (η). Considering water as 
a working fluid, typical values in the microfluidics such as velocities of 1 μm/s-1 cm/s, and channel 
radii of 1-100 μm, the Reynolds numbers range between 10-6 to 10287. Fluids defined by a Re in 
this range exhibit laminar flow where they continuously exchange molecules only through 
diffusion. The complete transition to turbulent flow occurs in a regime where Re is between 
2000-3000287. Microfluidics is not only a technology in the laboratory, but an important principle 

Figure 5.6.1 Photograph showing an overview of the experimental setup. IR-B laser and microfluidic pipette are both attached 
to micromanipulators. The sample is mounted on an inverted confocal microscope.  
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of biology. For example, capillary blood vessels accommodate laminar flow whereas major 
arteries exhibit turbulent flow features288. 

Conventional on-chip applications involve manipulation of fluids inside the microfluidic 
channels289. In the experiments we used an open space microfluidic device, specifically a 
microfluidic pipette290 (Figure 5.7.1), fabricated from an optically transparent soft elastomer 
poly-(dimethylsiloxane) (PDMS). In open space microfluidics at least one boundary of the system 
is removed, allowing the exposure of the fluid to another fluid interface. The microfluidic pipette 
creates a controlled hydrodynamic flow zone291 consisting of a small volume of liquid at the tip 
of device (Figure 5.7.1). The diameter of the recirculation zone can be less than 10 μm in 
diameter, making it extraordinarily convenient to work on a single cell in a culture plate or a 
surface-adhered single vesicle in a population292. The device tip consists of three adjacent 
channels: the one in the center injects the fluid and the two side channels aspirate it (Figure 
5.7.1). A “re-circulating” volume is maintained by controlling the ratio of the outflow of the fluid 
to the inflow at the tip of the device. When the microfluidic device is submerged to a sample, the 
recirculation zone comes in contact with the aqueous solution around it, where the fluid 
boundary between the two liquids is diffusive, but flow velocity-to-diffusion ratio is high, 
dispersion across the boundary can be neglected290 (Figure 5.7.1).  

 

Each reservoir well in the microfluidic pipette (Figure 5.7.1) is loaded with 30 μl of sample prior 
to the experiment. In Paper I, this small volume of liquid contained SUVs in buffered suspension. 
The device was positioned approximately 10 μm above a liquid submerged surface, and the SUVs 
were recirculated. Recirculation for a minute led to the adsorption and rupture of SUVs, and 
formation of a lipid film. 

Controlled exposure of protocells to fluorescent dyes and fluorescently labeled genetic 
fragments via microfluidic pipette was used in Paper II-IV. The water-soluble compounds were 
delivered to the exterior of the protocell and the encapsulation was recorded in real-time. This 

Figure 5.7.1  The microfluidic pipette. A hydrodynamic flow zone at the tip of the pipette (red zone) does not mix 
with the ambient solution (blue zone) due to confinement. Image on the right is reprinted with permission from 
reference 291. Copyright ©2012 MDPI. 
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is similar to the superfusion in physiology293, 294 where a stream of liquid is run over the surface 
of a section of suspended tissue, keeping it viable and allowing observation of the interchange of 
substances.

5.8 DNA strand displacement reactions

In Paper III we employed a non-enzymatic, entropy driven reaction295 (Figure 5.8.1). One of the 
reactants is a double stranded DNA (dsDNA). One of the strands contain 20 base pairs and is 
conjugated to a fluorophore (blue colored strand in Figure 5.8.1).The complementary strand has
an extending toehold on one end and a quencher on the other end (magenta colored strand in 
Figure 5.8.1). The toehold is complementary to a single stranded DNA (ssDNA), which acts as an 
‘invading strand’ (orange colored strand in Figure 5.8.1). When the invading strand is introduced, 
it initiates strand displacement by hybridizing with the toehold. This initially creates a DNA 
complex composed of three strands of DNA, but the invading strand eventually displaces the 
single strand with the fluorophore. While the fluorophore was initially quenched by the 
dimerization, upon release it starts to emit fluorescence (Figure 5.8.1). 

Prior to the DNA displacement experiment, the protocell structures were grown in a medium 
containing quenched dsDNA. The ambient solution was removed in several washing cycles to 
eliminate the non-encapsulated dimers. The compartments were subsequently exposed to the 
invading ssDNA via the microfluidic pipette. The increasing fluorescent signal inside the 
compartments indicated that the invading strand was spontaneously encapsulated, leading to a 
successful displacement reaction. 

5.9 Analytical models 

Computational models overcome limitations of the experimental methods, such as resolving 
power of optical instruments, and can complement experimental data296. Computer models can 
provide detailed insight about the interactions of individual components in an experimental 
system at the molecular or mesoscale.

Figure 5.8.1 Schematic drawing summarizing the DNA strand displacement reaction. Addition of an invading 
strand (orange) leads to the displacement of one of the strands (blue) of a double stranded DNA. The strand 
released due to the displacement exhibits fluorescence.
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Analytical models addressing dynamic biomembrane systems can be categorized depending on 
the time scale and the length scale of an analyzed system. Quantum mechanics (QM) and 
molecular mechanics (MM) simulations are used to model formation and breaking of chemical 
bonds, hydration effects and conformational changes of the molecules at the nanoscale296. 
Atomistic membrane models, such as molecular dynamics simulations (MD), focus on physical 
movement of individual atoms and molecules (≈ns-μs). The MD models  are commonly employed 
to investigate lipid membranes and identify their structural and dynamic properties296, 297.  

Coarse-grained models simplify the molecules by describing group of atoms as a single vector. 
This allows studying a system over a longer period of time. In coarse-grained models detailed 
chemical structure of molecules is not important. The materials are treated as a continuous mass 
in contrast to the previously mentioned methods analyzing individual particles298. 

 

5.9.1 Finite element model for uptake through transient pores 

To understand the dynamics of diffusion of molecules through the membrane pores, the finite 
element method (FEM) was used. FEM analysis subdivides the studied domain into a mesh of 
small discrete elements, calculates the governing equations for each element and then assembles 
them to provide system equations to be solved in order to model the entire structure299, 300. 
Equations for each element, which are parts of the virtual network (mesh), are solved 
simultaneously.  

In Paper II the COMSOL Multiphysics software was used for FEM analysis. The simulations focused 
on the diffusion of fluorescent molecules through a single membrane nanopore into a lipid vesicle 
(Figure 5.9.1), varying a set of parameters such as vesicle diameter, pore radius and diffusion 
coefficient. Due to the small size of the assumed pore, this is experimentally not feasible with 
confocal microscopy. As an initial condition the concentration of solutes outside the lipid vesicles 
has set to be high and inside the vesicle, low. The concentration gradient was depicted with a 
heat map (red for high concentration, blue for low concentration) (Figure 5.9.1). Assuming 
constant concentration in the external volume and taking into account the diffusion coefficient 
of the molecule, the change in the concentration inside the lipid vesicle was calculated in time 
steps. This was iterated through different pore and vesicle sizes 
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In Paper III a continuum elastohydrodynamic model was employed to characterize the formation 
of instabilities leading to superstructures. The model was established using the open source finite 
element analysis (FEA) library FEniCS on Python 3.6301. The time evolution of the height between 
membrane and surface, the liquid pressure and the flow speed were determined for different 
wave numbers at different time points. As a result, a critical length scale for the membrane 
invaginations was obtained above which leads to the superstructures (cf 4.9 Van der Waals 
Interactions).

 

 

Figure 5.9.1 Schematic representation of the finite element model. Diffusion of fluorescent molecule through a single nanopore 
into the lipid compartment was analyzed. The red color shows the highest concentration of solutes in the external solution. 
BThe bue color represents the concentration of the solutes inside the compartment. The green zone inside the pore represents 
a concentration gradient formed due to molecular diffusion. Reprinted with permission from reference 5. Copyright ©2021 John 
Wiley and sons.
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66 Summary of the main findings 

Paper I. Molecular Lipid Films on Microengineering Materials 

The formation and development of phospholipid films on a variety of microengineered solid 
substrates was investigated, including borosilicate glass, Al (native oxide), Al2O3, TiO2, ITO, SiO2, 
Au, Teflon AF, SU-8 and graphene. The surfaces were characterized by their electrical (zeta) 
potential, which for graphene monolayer it was reported for the first time. The membrane-
surface interactions were analyzed by laser confocal microscopy and FRAP. Various membrane-
surface interactions were observed including single- and double bilayer film formation, vesicle 
adhesion as well as several non-trivial adhesion phenomena, such as reverse rolling of spreading 
bilayers and spontaneous nucleation of multilamellar vesicles. A diagram depicting different 
behaviors based on lipid membrane compositions and corresponding surface charges was 
established, supporting the development of membrane-interface devices and models. The 
findings provided detailed insight into membrane-surface interactions and thus allow for more 
accurate prediction of lipid film behavior.  

  

Paper II. Subcompartmentalization and Pseudo-Division of Model Protocells 

The spontaneous subcompartmentalization of model surface-adhered protocells was observed 
as the result of physicochemical interactions at the surface-membrane interface. Several small 
dynamic unilamellar subcompartments were formed at the basal membrane of the protocells, 
resembling intra-cellular organelles. The subcompartments were able to uptake ambient 
compounds via openings on the surface, and segregate it. We showed the spontaneous 
encapsulation of the same compounds as in the main protocell volume, and hypothesized that it 
occurs via nano-sized transient pores. We supported the transient pore hypothesis by a finite 
element model which predicts uptake rates similar to those observed in the experiments. 
Moreover, a primitive division mechanism was reported where the enveloping protocell 
membrane disintegrated, leaving individual subcompartments to become individual daughter 
protocells. 
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Paper III. Colony-like Protocell Superstructures 

A prebiotically feasible pathway for formation and growth of large protocell superstructures, 
reminiscent of microbial colonies, was shown. An analytical model anticipated the onset of 
membrane instabilities in the basal membrane, which can later grow into microcontainers, based 
on the contribution of the van der Waals forces. The model protocell colonies exhibited higher 
mechanical stability compared to the individual compartments, and were able to encapsulate 
molecules from the ambient, such as DNA, and accommodate non-enzymatic DNA displacement 
reactions. A new pathway of uptake was observed, via exo-compartments, which spontaneously 
extended out of the colonies as individual compartments. The exo-compartments encapsulated 
ambient molecules and fused with the colony delivering the cargo to the protocell colony. Upon 
disintegration of the enveloping (outer) membrane, the individual compartments were able to 
transform into daughter cells and migrate to remote locations, still carrying the encapsulated 
cargo.  

  

Paper IV. Transport among Protocells via Tunneling Nanotubes 

Molecular transport through the lipid nanotubes connecting surface-adhered protocells was 
shown for the first time. Different fluorescent cargo, e.g. ATTO 488, RNA, DNA, was encapsulated 
in the protocell volume, its diffusive transport through the connecting nanotubes was induced 
and analyzed via FRAP. The internal fluorescence of the photobleached protocells within the 
networks recovered over time, confirming the transport of the cargo between neighboring 
protocells through the nanotubes. An analytical model was established in order to estimate the 
most influential physical parameters of the system. The most effective parameter for recovery of 
contents was determined to be the diameter of the nanotubes, compared to nanotube length, 
protocell size and the diffusion properties of the fluorescent cargo. Nanotube-mediated 
transport in protocell networks was shown to be a feasible way of chemical communication 
among primitive cells.  
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77 Conclusion and future outlook 

In this thesis I showed new, feasible, and consistent solid surface-based routes to sophisticated 
membranous protocell morphologies. One of these routes involved a previously unknown 
subcompartmentalization phenomenon, where surface-adhered lipid compartments produced 
multiple internal membranous compartments. Spatial separation of the internal volume into 
membrane-enveloped compartments is an apparent key feature of the living cells, since the 
presence of separate organelles has been reported across all domains of life. Much like their 
biological counterparts, internal subcompartments in the protocell models can take up ambient 
compounds and create distinct, secluded spaces. The availability of excess lipid material in the 
experimental model enables the spontaneous formation bacterial colony-like superstructures, 
which were earlier suggested as a possible step in development of protocells, but have never 
been shown before to occur under prebiotically relevant experimental conditions. 

One of the novel observations in these systems is an alternative pathway to primitive cell division, 
which occurs when the enveloping protocell membrane disintegrates, and exposes the internal 
compartments, i.e., daughter cells. This introduces a new angle to the protocell division problem 
which is conventionally viewed as the splitting of a spherical compartment into two smaller 
compartments. 

Colony-like protocell populations have great potential to accommodate prebiotic reactions and 
reaction networks, and can be further explored in this context in the future. Their unique 
architecture can allow chemical information sharing among individual subcompartments while 
protecting them from unwanted interferences.  
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1. Introduction

The origin of the eukaryotic cell is closely associated with the 
development of subcompartments, which create specific micro-
environments to spatially or temporally regulate biochemical 
reactions, simultaneously. Until recently, cellular compartmen-
talization was associated solely with eukaryotic systems. Recent 
evidence shows that membrane-enclosed compartments also 

Membrane enclosed intracellular compartments have been exclusively associ-

ated with the eukaryotes, represented by the highly compartmentalized last 

eukaryotic common ancestor. Recent evidence showing the presence of mem-

branous compartments with specific functions in archaea and bacteria makes 

it conceivable that the last universal common ancestor and its hypothetical 

precursor, the protocell, may have exhibited compartmentalization. To the 

authors’ knowledge, there are no experimental studies yet that have tested 

this hypothesis. They report on an autonomous subcompartmentalization 

mechanism for protocells which results in the transformation of initial sub-

compartments to daughter protocells. The process is solely determined by the 

fundamental materials properties and interfacial events, and does not require 

biological machinery or chemical energy supply. In the light of the authors’ 

findings, it is proposed that similar events may have taken place under early 

Earth conditions, leading to the development of compartmentalized cells and 

potentially, primitive division.

exist in other domains of life, such as 
in archaea and bacteria.[1,2] Archaea, for 
example, have acidocalcisomes, the mem-
brane enclosed electron-dense granular 
organelles rich in calcium and phosphate, 
which is crucial for osmoregulation and 
Ca2+ homeostasis.[3] In cyanobacteria, 
membrane-bound thylakoids[4] have been 
identified as compartments in which 
the light-dependent reactions of photo-
synthesis take place.

Despite the differences between eukar-
yotic and prokaryotic compartments in 
terms of structural and functional com-
plexity, the presence of membranous 
compartments in procaryota[1] establishes 
a possibility of compartments having 
existed in protocells, and being evolution-
arily conserved. There is essentially no 
experimental material, however, on how 
compartments could have consistently 

emerged from membranes in a prebiotic environment lacking 
membrane-shaping and -stabilizing proteins.

Membrane-less laboratory models of cytoplasmic suborgani-
zation have been developed inside synthetic cells, that is, giant 
unilamellar vesicles.[5] These models require moderately elabo-
rate chemical systems. A few examples of the utilized materials 
and mechanisms to induce compartment formation involve 
thermo-responsive hydrogels,[6] pH driven protein (human 
serum albumin) localization[7] or a poly(ethylene glycol)-dex-
tran aqueous two-phase system.[8] One study which report on 
the membrane-based multi-vesiculation inside amphiphilic 
compartments, has employed protein–ligand couples to induce 
this behavior, that is, biotin–avidin conjugates.[9] Membrane-
enveloped subcompartment formation in biological systems is 
therefore considered to be ultimately dependent on the genetic 
make-up of the cells.[10]

In this study, we have investigated a protocell subcompart-
mentalization model on solid surfaces. The reported mecha-
nism relies on the self-assembly and shape transformation 
abilities of biosurfactant bilayer membranes, and is largely 
governed by changes in the membrane-surface adhesion. 
Model protocells in form of giant unilamellar compartments 
are initially adhered to a solid substrate via Ca2+ anchors, but 
the adhesion is subsequently reversed upon depletion of Ca2+. 
Small membrane regions released from the surface transform 
into small unilamellar subcompartments inside the model 
protocell. They remain partially adhered to the surface and 
continue growing, consuming the membrane material of the 
primary container. The subcompartments can take up solutes 
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from the external environment and exchange them with the 
primary volume. Our experiments and finite element simula-
tions point to a parallel uptake mechanism of solutes via tran-
sient pores in the protocell membrane. The enveloping mem-
brane can eventually rupture to release the subcompartments 
as independent daughter vesicles.

Previous studies indicate that surfaces might have played a 
role in catalysis and synthesis of compounds relevant to prebi-
otic chemistry, for example, enhanced polymerization of ami-
noacids on mineral surfaces,[11] or the synthesis of prebiotic pep-
tides[12] and RNA.[13] Our work shows that the surface-assisted 
subcompartmentalization of protocells is a feasible recurring 
process and, due to the minimal requirements, could have 
potentially occurred under early Earth conditions. The newly 
established pathway to daughter vesicles, although relatively 
unsophisticated, indicates that the role of materials properties-
driven transformation processes of surfactant membranes in 

the development of primitive protocells, as well as the enabling 
function of surfaces, might have been underestimated.

2. Results

2.1. Spontaneous Compartmentalization

Figure  1a is a 3D reconstruction of the subcompartments that 
have spontaneously formed inside a substrate-adherent model 
protocell. The dome-shaped lipid container of approximately 
50 μm in diameter is adhered on an Al2O3 surface where its distal 
membrane envelopes tens of subcompartments of an average 
size of 5 μm formed on the surface. Figure 1b shows an xy cross-
sectional view recorded 4 μm above the surface. Figure 1c–f con-
tains confocal micrographs of the compartmentalization process 
each step of which is explained in schematics in Figure  1g–j. 

Figure 1. Subcompartmentalization in surface-adhered model protocells. a) Confocal micrograph, reconstructed in 3D, showing a model protocell 
enveloping several subcompartments. b) model protocell in (a) in xy cross-sectional view. Confocal micrograph of c) a model protocell adhered on a 
solid surface in presence of Ca2+, d) a model protocell with subcompartments after chelator exposure, e) emerging subcompartments ≈20 min after 
chelator exposure, f) mature subcompartments ≈40 min after chelator exposure. Schematic representation of the subcompartmentalization process: 
g) A single model protocell consisting of a single lipid membrane, adheres onto the surface in presence of Ca2+. h) Chelators are brought into the 
vicinity of the compartment, leading to removal of Ca2+ followed by subcompartmentalization. The initially surface-adhered bilayer of the model pro-
tocell transforms into i) semi-spherical, and later to j) spherical subcompartments. Micrographs in (c)–(f) are from different experiments. Membrane 
composition of model protocells shown in (a)–(f) is PC-DOPE. The surfaces used in (a) and (b) and (e) and (f) is Al2O3, and in (c) and (d) is Al. All 
other experimental conditions for (a–f) were identical. Background fluorescence in (c) and (d) is due to reflection from the Al surface.
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The model protocells were generated by the dehydration–rehy-
dration method;[14] and transferred onto the solid substrates in 
presence of Ca2+ as adhesion promoter[15,16] (Figure  1c,g). Sub-
sequently, by means of an automatic pipette, the ambient buffer 
was exchanged with a Ca2+chelator-containing buffer, leading to 
the gradual removal of Ca2+ from the membrane-surface inter-
face (Figure  1d,h). The basal membrane, that is, the adhered 
portion of the giant lipid container to the surface, de-wets the 
surface, bulges at various locations (Figure  1e,i) and transform 
within ≈40  min into spherical subcompartments (Figure  1f,j). 
The model protocells in Figure  1c,d are isolated. The elevated 
background intensity should not be mistaken for a lipid film. 
The substrate is composed of Al which reflects light during the 
imaging. A lipid reservoir, that is, multilamellar vesicle (MLV), is 
attached to the model protocell in Figure 1c.

2.2. Temperature-Enhanced Subcompartmentalization

Temperature has a strong influence on membrane viscosity 
and membrane-surface adhesion.[17] When the temperature was 

locally increased from 20 °C (room temperature) to 40 °C, the 
basal membrane started to de-wet the surface, forming subcom-
partments twice as rapidly. Figure 2a–f shows an experiment, 
during which the subcompartments inside a surface-adhered 
model protocell form at increased temperature (Movie S1, Sup-
porting Information). The subcompartments fuse upon con-
tact and grow in size (Movie S1, Supporting Information). For 
example, the three compartments which are initially distinct 
(yellow symbols in panel d), merge at t  = 33  min to form a 
single subcompartment (yellow symbols in panel f). A similar 
experiment is depicted in Figure  2g–l (Movie S1, Supporting 
Information). Both experiments shown in Figure 2 have been 
performed on Al2O3. The green plot in Figure  2m shows the 
circumference of the basal membrane depicted in Figure 2a–f, 
over time. The periphery of the surface-adhered portion of the 
lipid membrane is not retracting, as the circumference remains 
constant (Figure  2m, green line). The blue plot in Figure  2m 
represents the total membrane area utilized by the formation 
of subcompartments over time. The geometry of the emerging 
subcompartments has been assumed to be half-spheres in 

Figure 2. Enhanced subcompartmentalization at increased temperature. a–l) Confocal fluorescence micrographs showing two different experiments 
((a)–(f), (g)–(l)) of temperature-enhanced subcompartmentalization (xy cross-sectional view). m) Plots showing the increase in subcompartment 
membrane area (blue), and the circumference of the protocell (green), versus time, for the experiment shown in (a)–(f). The inset shows the xz cross-
sectional view of two protocells from different experiments before and after temperature increase. Scale bars (inset): 10 μm. n) The average diameter 
and number of subcompartments during the experiment shown in (g)–(l). The number of subcompartments (green plot) increases instantly with 
temperature increase, and decreases during fusion or, rarely, due to the sudden collapse of the subcompartments (black arrows). The inset in (n) 
is the schematic drawing of fusion of the subcompartments. The time point of each fusion event is marked with a dashed vertical line. The average 
diameter (orange line fitted to data points in blue, d = 0.0032 × t + 2.5) gradually increases during subcompartment growth. The membrane of the 
model protocells shown in this figure is composed of PC-DOPE, and the surface is Al2O3.
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order to estimate the minimally required membrane area. The 
insets in Figure  2m shows cross sections of model protocells 
from two different experiments in the xz plane (side view), one 
at the beginning of an experiment (left) and the other after the 
subcompartmentalization has occurred (right). The distal mem-
brane of the giant lipid container has decreased in area, indi-
cating that this fraction of the membrane is partially consumed 
during formation. The plots in Figure  2n show the number 
(green) and the average diameter (blue points, orange line) of 
the new compartments in Figure 2g–l. With the emergence and 
growth of many small subcompartments, the diameter gradu-
ally increases over time. Some eventually fuse (inset), inter-
mittently causing sudden drops in the total number (dashed 
vertical lines in Figure  2n). Subcompartments occasionally 
collapse (black arrows in Figure 2n and Movie S1, Supporting 
Information), presumably due to the consumption of their 
membrane by the competing growth of other containers in 
their vicinity.

2.3. Encapsulation and Isolation of Contents

The purpose of subcompartments in a biological cell is the 
segregation of chemical compounds and processes within indi-
vidual boundaries inside the main volume of the cell (primary 
volume). In order to investigate the ability of the subcompart-
ments to encapsulate molecules from the ambient environment 
and to maintain them, we delivered a water-soluble fluorescent 
compound to the exterior of each protocell (cf. Section S2 and S3,  
Supporting Information, for the details of the setup) and 
monitored the transmembrane transfer. Figure 3a shows a 3D 
micrograph (x-y-z) of a protocell on Al2O3 with several subcom-
partments, one of which maintains the encapsulated fluores-
cein solution. In order to achieve encapsulation in a selected 
model protocell, the fluorescein buffer (25  μm) was delivered 
with an open-space microfluidic device[18] (Figure 3b). The pres-
ence of the compound can be switched on and off on demand, 
and the fluorescence signal during the cycles of exposure and 
removal can be monitored in real time inside the protocell and 
the subcompartments. We observe that during fluorescein expo-
sure, the subcompartments rapidly encapsulate the compound, 
and immediately release it upon removal from the surrounding. 
This indicates that the compartments are not fully closed and 
have access to the surrounding solution through the space 
between the surface and the model protocell (Figure 3c). After 
a certain time point, some subcompartments hold the content 
and can maintain it during a long period of time, indicating that 
the size of the opening of the subcompartment is reduced, or 
completely sealed (Figure 3d). Upon temperature increase, the 
compartments appear to maintain the content longer.

Figure  3e–g depicts the time series of an encapsulation 
experiment at room temperature (cf. Movie S2, Supporting 
Information), with the corresponding fluorescein intensity plots 
of selected regions during multiple exposure cycles (Figure 3h). 
The fluorescence intensity of three different regions was moni-
tored: the solution outside the protocell (region circled in white 
dashed lines in Figure  3f), the primary volume of the proto-
cell (Figure  3f, yellow dashed circle) and the intensity of all 
of the subcompartments, which later was averaged. The plots 

show an instant encapsulation of fluorescein within the sub-
compartments with the initiation of the exposure, and imme-
diate release of the contents once the exposure is terminated 
(Figure 3h). The model protocell, on the other hand, encapsu-
lates the fluorescence molecule gradually and maintains it.

At elevated temperatures (Figure  3i–p and Movie S2, Sup-
porting Information), the leakage of fluorescein from the sub-
compartments decreases (Figure  3l), compared to the leakage 
in the experiment depicted in Figure  3e–g, which indicates a 
reduction of the size of their opening (Figures  3k,l and 3o,p). 
The concentration of the fluorescein inside the contracted 
subcompartment can eventually be slightly higher than in the 
internal medium of the primary volume (Figure 3l,p).

2.4. Pore-Mediated Uptake

We then examined the role of transient pores in the uptake of 
material from the ambient solution. As showed in Figure 3, the 
fluorescein molecules are encapsulated by the primary volume. 
To analyze the mechanism of the uptake, we exposed individual 
surface-adhered protocells without internal compartments 
to a fluorescein buffer, using an open volume microfluidic 
device (Figure 4 and Section S2–S3, Supporting Information). 
Figure  4a shows the fluorescence intensity inside 5 different 
protocells of similar size versus time upon exposure to fluores-
cein. Uptake rates varying from less than 20% of the stock solu-
tion (Figure 4a, plot in pink color) to almost 90% (plot in blue 
color) were observed. These uptake rates imply that it is not 
via simple diffusion through the membrane. We attribute this 
behavior to the presence of transient membrane pores, which 
has been previously observed and characterized in similar sys-
tems.[19] We then compared the experimental values depicted in 
Figure 4a to the results of finite element model (FEM) simula-
tions shown in Figure  4b–d. The FEM here assumes a single 
container of size 5  μm with membrane thickness of 1  nm. 
The model vesicle is exposed to the fluorescein present in the 
external solution. Figure  4c shows the magnified view of the 
pore marked with a white frame in Figure 4b.

In the model, the passage of molecules is assumed to 
occur through a single membrane pore (Figure 4c), ∅ = 5 nm, 
while the diffusion through the membrane otherwise is pre-
vented. The uptake rates of fluorescein are calculated as 
the fluorescein diffuses from the external solution into the 
model protocell through the membrane pore. The diffu-
sion coefficient of fluorescein in water at room temperature, 
D  = 4.25  ×  10−10 m2 s−1,[20] is taken into consideration. Each 
plot in Figure 4d represents a different time point upon expo-
sure changing from 0.1. to 600 s. The concentration of the fluo-
rescein in the external medium is considered to be 100%. The 
plots in Figure  4d show final concentrations inside the cell at 
different time-points, with a steep concentration gradient inside 
the pore zone (green region). The pore zone is almost symmet-
rical in both external and internal side of the membrane inter-
face, and reaches a distance of approximately twice the pore 
radius. The size of the pore zone varies with the changing pore 
radius (inset to Figure 4d). Further away from the pore, the con-
centration of the solutes can be considered homogeneous on 
either side (Figure 4d, red and blue area). The model protocell 
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Figure 3. Encapsulation and compartmentalization of fluorescein in model protocells. a) Confocal micrograph of a model protocell, recon-
structed in 3D, after pulsing with fluorescein. One of the four subcompartments maintains fluorescein content. Schematic representation of 
the fluorescein exposure experiment: b) The microfluidic superfusion pipette creates a fluorescein exposure zone around the model protocell. 
c) Semi-grown subcompartments encapsulate fluorescein during the exposure through the space at the membrane-surface interface. d) Tem-
perature increase, together with fluorescein exposure, results in sealed subcompartments encapsulating the fluorescein. e–g,i–k,m–o) Confocal 
micrographs (xy cross section) showing the fluorescence intensity inside the subcompartments and the primary volume during fluorescein 
pulsing (cf. Movie S2, Supporting Information). h,l) Plots showing the fluorescence intensity of different regions versus time during the experi-
ments shown in (e)–(g) and (i)–(k), respectively. The temperature increase during (i)–(k) is synchronized with fluorescein pulsing (gray zones 
in (l)). The plots in green color represent the average intensity of the stock fluorescein buffer (circle indicated by white dashed line in (f )). The 
plot in orange color in (h) is the arithmetic mean intensity of the subcompartments versus time. The plot in black color in (h) is the intensity 
of the primary volume of the protocell (circle indicated by yellow dashed line in (f )). In (l) the average intensity of each compartment have been 
depicted individually (orange-spectrum graphs). The color plot in (p) shows the intensity of fluorescein in (o). Black arrows show the position 
of the two sealed subcompartments corresponding to the entities indicated with white arrows in (o). The sealed compartments display higher 
fluorescence intensity compared to the other subcompartments and to the primary protocell volume. The membranes in this figure are composed 
of PE-PG-CA, and the surface is Al2O3.
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can have multiple pores further apart with no overlapping pore 
zones where the transport from each pore contributes linearly. 
The calculations for different container and pore sizes can be 
found in Section S4, Supporting Information.

2.5. Pseudo-Division

In some occasions we observe extensive contraction and 
rupturing of the distal membrane (Movie S3, Supporting 
Information) which results in disintegration of the original pro-
tocell, leaving behind only the intact subcompartments, that is, 
daughter cells (Figure 5). Figure 5a shows an xz cross section 
of two subcompartments with the distal membrane in direct 
contact. Figure 5b,c shows the xz cross section and the perspec-
tive view of daughter cells remaining after the original envel-
oping membrane is disintegrated. The light circular region in 
Figure  5c consists of a single bilayer, which is also visible in 
Figure  5b. A double lipid membrane surrounds this region 
(dark red region in Figure 5c), indicating lipid spreading around 
an originally isolated intact cell. Figure  5d–f shows the sche-
matic representation of the process in Figure 5a–c. We observe 
daughter protocells as long as 12 hours after the addition of che-
lators (Figure S5, Supporting Information). Note that the ear-
lier observations of exchange of material between the primary 
volume and the ambient buffer on one hand, and the possibility 
of exchange between the primary volume and the subcompart-
ments on the other hand (Figure 5d), will be discussed in the 
context of primitive protocell division in the following section.

3. Discussion

3.1. Compartmentalization Mechanism

Figure  1 shows that the spontaneous compartmentalization 
occurs when the strength of the adhesion of the protocell to the 
solid substrate decreases. Adhesion is mediated by the Ca2+ ions 
at the interface of the protocell membrane with the solid sur-
face (depicted by purple spheres in Figure 1g,h). Ca2+ ions are 
known to have a fusogenic effect by binding to the lipid head 
groups,[21] mediating membrane-surface,[15,16,22] or membrane-
membrane pinning.[23] The adhesion of membranes to a solid 
substrate does not necessarily require Ca2+ in the solution,[24–26] 
although its presence on the surface promotes adhesion. There 

Figure 4. Uptake through transient pores. a) Fluorescein intensity inside 
the surface-adhered, non-compartmentalized model protocells, over 
time. b–d) Finite element model (FEM) of fluorescein uptake by a model 
protocell from the external solution through a nano-sized membrane 
pore. b) A single circular pore (toroidal gap) with a radius of Rp = 5 nm  
is located in the membrane of a giant compartment with radius of  
Rv = 5 μm. c) Concentration across the membrane in the vicinity of the 
pore depicted in (b). The liquid volume near and inside the pore is deter-
mined to be the “pore zone” (yellow-green area). d) Concentration profile 
of fluorescein at the pore zone and inside the protocell at selected time 
points changing from 100 ms to 600 s. The inset in (d) shows the rela-
tion between the concentration gradient (extent of the pore zone) and the 
pore radii of 2.5, 3, 5, and 7.5 nm. The membrane of the vesicles used in 
(a) are composed of PC-DOPE; the surface is Al2O3.
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are several Ca2+-rich early Earth minerals, which might have 
acted as a source.[27–29] The vesicles adhere to the substrate in 
a dome-like shape.[30] Addition of chelators leads to gradual 
depletion of Ca2+ from the aqueous medium including the 
space between the surface and the membrane, leading to the 
removal of pinning points. This causes partial de-wetting at 
the membrane-surface interface.[31] BAPTA which is one of the 
two chelators we utilized, has been shown to act as a shuttle 
buffer, driving Ca2+ out of the membrane and decreasing the 
Ca2+ concentration specifically at the membrane interface.[32] 
Intercalation of EDTA, another chelator we use at mm concen-
trations, into the lipid head groups has been proposed to cause 
membrane bending and formation of invaginations.[33] We do 
not think that direct interactions of BAPTA or EDTA with the 
membrane is the main cause of the compartmentalization, as 
in that case the compartments would not only form at the sur-
face but also along the liquid interface to the protocell mem-
brane. Formation of the compartments specifically on the solid 
substrate is a strong indication that the mechanism is surface 

adhesion dependent. EDTA and BAPTA are strong metal chela-
tors which were certainly not present on the early Earth. How-
ever, clay minerals were abundant in the prebiotic environment 
which could have played the role of the chelators in our experi-
ments. Clay minerals are known to efficiently adsorb mono- or 
divalent ions including Ca2+.[34] These phyllosilicates, resemble 
in surface quality (flatness, homogeneity, surface potential) 
the synthetic surfaces used in our study.[26] J. Szostak and co-
workers showed enhanced vesicle formation upon adsorption 
of sheets of amphiphiles on various types of solid particle sur-
faces, among them clays.[35,36]

The creases can also form spontaneously in membranes 
with low tension.[22,37,38] Once the invaginations form, the trans-
formation of these highly curved membrane regions into larger 
spherical compartments occurs through a self-driven process, 
during which the membrane curvature is reduced.[39] A sim-
ilar study, where the pinning/de-pinning occurs by means of 
streptavidin-biotin coupling, reports on this phenomenon.[9] A 
high membrane curvature in the area of nucleation causes an 

Figure 5. Pseudo-division. a) Confocal micrograph of a subcompartment (xz cross section) with the distal membrane in direct contact. b,c) Confocal 
micrographs of daughter cells remaining after the original enveloping membrane is disintegrated. b) xz cross section and c) the perspective view (xyz) 
c) Light circular region consists of a single bilayer, which is also visible in (b). d–f) Schematic representation of the process in (a)–(c). d) Material 
between the primary volume and the ambient buffer, and between the primary volume and the subcompartments can be exchanged. The membranes 
of the vesicles shown in this figure are composed of PC-DOPE; the surface is Al (with a native oxide layer).
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increase in the membrane tension, which leads to Marangoni 
flow of lipids from the region of relatively low membrane ten-
sion, that is, the distal membrane of the protocell, towards the 
region of higher tension. The distal membrane of the protocell 
is consumed as depicted in Figure 6 (also in Figure 1, inset in 
Figure 2m). Additionally, an attached MLV (Figure 1c) can serve 
as a lipid source.

After a subcompartment has matured (Figure 6b–d), it stays 
connected to the basal membrane through a nano-sized pore-
like connection (Figure  6e) as the force requirement for dis-
connecting the vesicle is very large: in the order of ≈mN[16,40] 
versus ≈pN[14] for pulling a membrane tether that can remain  

connected through the neck. As pinning is removed from 
the contact line between the newly formed subcompartment 
and the surface, the contact line will contract due to edge ten-
sion transforming to a nano-sized pore or tether (Figure  6e). 
The area under the newly formed compartment re-wets even 
without the adhesion promoter Ca2+ lowering the surface free 
energy of the substrate.

We have not investigated the effect of pH and other factors, 
such as membrane composition or surface roughness, on com-
partmentalization. However, it is plausible that such factors 
would have a measurable impact on membrane deformations, 
for example due to acido-basic properties of lipids. It has been 
shown that pH gradients induce surface tension asymmetry, 
cause shape deformations and induce the formation of mem-
brane invaginations reminiscent of mitochondrial cristae.[41]

3.2. Temperature-Enhanced Formation

The role of temperature has been intensely discussed in the 
origins of life context, in particular whether high temperatures 
could have been beneficial or detrimental to protocell forma-
tion.[42,43] The hydrothermal vent hypothesis which has been 
criticized for allowing excessively high temperatures, salinity 
and pH gradients is, after the discovery of “Lost City”-type 
hydrothermal fields (LCHFs), being reconsidered.[43] LCHFs 
accommodate temperatures between 40 and 90 °C, which 
could have promoted the formation of prebiotic membrane 
compartments.[44]

In our study, temperature increase weakens membrane-sur-
face adhesion and causes immediate surface de-wetting,[17] facil-
itating the subcompartment formation. Furthermore, it causes 
the membrane fluidity to increase, and enhances fusion.[45,46] 
This results in accelerated growth of the subcompartments 
(Movie S1, Supporting Information). While the time scale in 
the case of subcompartmentalization induced by Ca2+ deple-
tion ranges from several tens of minutes to an hour (Figure 1), 
it only takes a few minutes to form the compartments when 
the temperature is increased to 40 °C (Figure 2a–l). A nucleated 
compartment can rapidly mature and be internalized by the 
protocell (Figure 2m, inset) where some of them coalesce upon 
physical contact. A recent study has reported on the merging 
of lipid vesicles if they are in close proximity in a locally heated 
zone.[47] Note that in order to elevate the temperature locally 
under avoidance of strong convection, we used an optical fiber 
and IR-B radiation (1470 nm, cf. Section S2 and S3, Supporting 
Information, for the details of the setup).

3.3. Encapsulation and Compartmentalization 

of External Compounds

Confining the reactants inside a membrane enclosed space and 
thereby bringing them into the close proximity can enhance 
reaction rates[48] which is a benefit of compartmentalization in 
modern cells. We used anionic fluorescein as a model molecule 
to identify the mechanism of compartmentalization and encap-
sulation events. We have observed the internalization of fluo-
rescein molecules inside the semi-grown subcompartments, 

Figure 6. Subcompartmentalization mechanism. a–d) Growth of a sub-
compartment enveloped in a surface-adhered protocell. During growth 
the distal membrane is consumed. e) As pinning is removed from the 
contact line between the newly formed subcompartment and the surface, 
the contact line will contract due to edge tension transforming to a nano-
sized pore or tether. The subcompartment stays connected to the basal 
membrane through a nano-sized pore or nanotube.
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delivered locally by superfusion with a microfluidic pipette, 
by laser scanning confocal microscopy (Figure 3). A negatively 
charged dye was used to avoid electrostatic charge-based adsorp-
tion of the dye to the negatively-charged membrane.[49] When 
the protocell is repeatedly pulsed with fluorescein, the fluores-
cence intensity inside the compartments instantly follows the 
external aqueous environment (Figure  3e–h and Movie S2, 
Supporting Information). The compartments take up fluores-
cein which immediately leaks out when the superfusion is ter-
minated. This indicates that the subcompartments encapsulate 
the compound through the open interface to the surface, which 
exposes the compartments’ interior to the external aqueous 
space. Encapsulation of the liquid at a membrane-surface inter-
face by the invaginations has been previously reported. In that 
system, a protein–ligand coupling has been employed to pro-
mote the formation of the invaginations.[9] If the subcompart-
ment encapsulating the compound is suddenly sealed or its 
opening significantly reduced in size, the instant leakage of flu-
orescein is prevented and the fluorescence intensity decreases 
slowly (Figure  3l). While the leakage from the subcompart-
ments is rapid in the initial superfusion cycles throughout the 
experiment, after t ≈8min the leakage from one particular sub-
compartment slows down (dark orange plot). Most importantly, 
the leakage from the subcompartments induced by heating is 
considerably slower, compared to the Ca2+ depletion-induced 
case (Figure  3l vs Figure  3h). Higher temperatures increase 
membrane fluidity, causing faster compartment growth. The 
compartments mature faster, likely resulting in contraction of 
the opening at the surface interface (Figures  3c,d and  6) to a 
nanosize pore or a nanotube (Figure 6e) and, accordingly, pro-
longed containment of internalized content (Figure 3i–l). This 
is in agreement with the finite element model. A single nano-
pore allows the equilibration of material in 600 s. (Figure 4, cf. 
FEM discussion below). This is confirmed by earlier studies on 
fluorescein diffusion through nanosized conduits.[50]

3.4. Evidence for Pore-Mediated Encapsulation 

in the Primary Volume

The primary volume of the model protocell encapsulates 
fluorescein during multiple cycles of fluorescein exposure 
(Figure 3). We performed identical superfusion experiments on 
model protocells without subcompartments, that is, without the 
involvement of chelators. For different model protocells of com-
parable size under identical exposure conditions, the amount 
of encapsulated fluorescein at a given time varies from less 
than 20% to almost 90% of the concentration in the external 
medium (Figure 4a). This indicates that the means of transport 
through the membrane is not diffusion, which would result 
in each experiment in similar concentrations of the encapsu-
lated compound at a given time. Our results are consistent with 
the presence of transient nano-sized pores in the membrane 
through which the fluorescein is diffusively internalized. It is 
well established that osmotic swelling of lipid vesicles causes 
an increase in membrane tension which leads to the formation 
of transient pores in the membrane.[19,22] The adhesion of pro-
tocells to the substrate can cause a similar tension increase.[16,22] 
The finite element method (FEM) simulations in Figure  4b–d 

shows that transport through a single or a few nano-sized pores 
in the lipid membrane of a container of 5 μm size can lead to 
similar fluorescein concentrations inside the protocells shown 
in Figure 4a. According to the FEM simulations, during 100 s 
of uptake through a single pore, the concentration of the encap-
sulated fluorescein inside the protocell reaches 50% of the con-
centration of fluorescein in the external medium (Figure  4d). 
In one of the experiments (red plot in Figure 4a), the internal 
volume reaches 50% of the concentration of the stock fluores-
cein solution in 20–30 s. This corresponds to 3–5 membrane 
pores. It is reasonable that since 3–5 pores of nm size belong to 
a protocell of micron size, the pores would not overlap, and the 
pores would not jeopardize the integrity of the vesicle.

3.5. Implications for the Origins of Life

Origin of life studies often focus on a compartment as a 
whole—the (model) protocell. The possibility of consistent for-
mation of organelle-like structures inside a protocell has not 
been considered plausible due to the lack of proteins and mem-
brane-shaping machinery, which would transform the original 
membrane material to modular subcompartments and further 
stabilize them.[10] Solid surfaces, which were abundant on the 
early Earth in the form of minerals, could to some extent have 
mimicked the role of sophisticated machinery. Surfaces intrin-
sically possess energy, which can promote membrane-surface 
interactions in several different ways.[26] Previous studies have 
reported on the enhancing effects of surface associated bio- and 
organic chemistry relevant to the RNA world,[13] including the 
synthesis of prebiotic peptides,[12] nitrogen reduction, lipid self-
organization, condensation-polymerization reactions, selection 
and concentration of amino acids and sugars as well as chiral 
selection.[51] The reported surface-dependent phenomenon 
might pose an advantage over multi-vesiculation observed at 
the compartment membranes in bulk solution.[52] Mineral sur-
faces have recently been shown to also induce protocell forma-
tion.[35,36,39] Our findings reveal the capabilities of high energy 
surfaces, which are able to induce subcompartmentalization 
of adherent model protocells. We selected components which 
have direct representations in the prebiotic environment on the 
early Earth.

3.6. Flat Solid Oxide Substrates as Mineral Models

The solid model substrates Al2O3 and Al (with a native oxide 
layer) as well as SiO2, represent constituents of rock forming 
minerals on the early Earth.[53] Al2O3 occurs naturally as 
Corundum, a mineral which has been studied and shown to 
amplify lipid bilayer formation.[53] Sputtered SiO2 corresponds 
to Quartz, which was associated with amino acid adsorption 
and peptide synthesis.[13,54]

3.7. Protocell Models

We used giant unilamellar vesicles as protocell models. They 
consist of phospholipid molecules which are part of the origins 
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of life discussion. Several types of phospholipids have been 
synthesized in the laboratory under prebiotic conditions.[55–58] 
Their precursor molecules were found in fluid inclusions in 
minerals relevant to the early Earth.[54] A detailed list of the 
lipid membrane compositions and the surfaces leading to phe-
nomena we describe in this study is provided in Section S1, 
Supporting Information.

The findings revealing more complex abilities of model pro-
tocells may also be important for the development of artificial 
cells[59] and tissue-like materials,[60,61] potentially in the context 
of drug delivery formulations and technology to produce such. 
Multi-compartmentalized liposome or polymerosome formula-
tions have indeed been in the focus of biomedical investigations 
for improved drug and gene delivery as well as biosensing.[62–64]

3.8. Pseudo-Division

Figure  3l reveals similar intensity levels of encapsulated fluo-
rescence in the primary volume of the model protocell, and in 
one of its subcompartments. It is conceivable that the encap-
sulated contents are transported between the subcompartment 
and the primary volume through transient nano-sized mem-
brane pores. We assume that the pores are present in the pro-
tocell membrane, which we have experimentally verified. Since 
the membrane surrounding the primary volume and the sub-
compartments are connected, and pores/defects are mobile in 
a fluid membrane, it is reasonable to assume that the pores 
can also be present in the subcompartment membrane. This 
would allow the transport of material across the membrane 
from the primary volume to the sub compartment. In some 
occasions the distal membrane of the model protocell rup-
tures, leaving multiple subcompartments, that is, the daughter 
cells, exposed directly to the bulk solution (Figure 5). A larger 
number of daughter cells can form, compared to the number 
of subcompartments, during the rapid collapse of the protocell 
(Figure S6 and Movie S3, Supporting Information). This can 
be anticipated, since the enveloping membrane opens up and 
rapidly relocates, providing excess membrane material. The 
relocation of the rupturing membrane evidently causes the col-
lapse of some of the subcompartments or relocates them. This 
can be perceived as pseudo-division as this is not a direct split-
ting of the initial compartment, but a two step process starting 
with the transfer of internalized material to the daughter cells, 
followed by the disappearance of the mother protocell. We sug-
gest that the surface mediated subcompartmentalization can 
therefore be viewed as starting point (pre-division) for protocell 
replication and division.

4. Conclusion

The question of how early in evolution cells could have had 
membranous subcompartments came recently into focus after 
their existence in archaea and bacteria has been shown. In this 
study we report that membrane-enveloped subcompartments 
consistently form in model protocells adhered on mineral-like 
solid substrates. The formation requires a minimum set of 
essential components: an amphiphile compartment, a solid 

surface and an aqueous environment. External compounds can 
be encapsulated and transported between the primary volume 
of the protocell and the subcompartments. We show that 
when a protocell disintegrates, the subcompartments remain 
intact, and adhered to the substrate, suggesting the possibility 
of a primitive form of division. Following the earlier findings 
on enhancing effects of surfaces in prebiotic chemistry, this 
advocates that protocells with membraneous subunits simul-
taneously running multiple reactions could have existed at the 
origin of life. If the process can be repeated in cycles over sev-
eral protocell-subcompartment generations remains an inter-
esting question to be elucidated.

5. Experimental Section

Preparation of Lipid Vesicles: To prepare the lipid suspensions, the 
dehydration and rehydration method[14,65] was used. Various types 
of lipids were utilized, namely l-α-phosphatidylcholine (Soy), 18: 
dioleoylphosphoethanolamine, l-α-phosphoethanolamine (Escherichia coli),  
l-α –phosphatidylglycerol (E.coli), Cardiolipin (E.coli) and E.coli polar 
lipid extract. Briefly, lipids (99  wt %) and lipid-conjugated fluorophores 
(1 wt %) (for a detailed list of lipid compositions cf. Table S1, Supporting 
Information) were dissolved in chloroform leading to a final concentration 
of 10  mg mL−1. 300  μl of this mixture was then transferred to a 10  ml 
round bottom flask and the solvent was removed in a rotary evaporator 
at reduced pressure (20 kPa) for 6 hours to form a dry lipid film. The film 
was rehydrated with 3 ml of PBS buffer (5 mm Trizma Base, 30 mm K3PO4, 
3 mm MgSO4.7H2O, 0.5 mm Na2EDTA, pH 7.4 adjusted with 1 M H3PO4) 
and stored at +4 °C overnight to allow the lipid cake to swell. The sample 
was then sonicated for 25 s at room temperature, leading to the formation 
of giant compartments with varying lamellarity. For sample preparation, 
4 μl of the resulting lipid suspension was desiccated for 20 min and the 
dry residue rehydrated with 0.5  ml of 10  mm HEPES buffer containing 
100  mm NaCl (pH 7.8, adjusted with 5 M NaOH) for 5  min. The lipid 
suspension was subsequently transferred onto a solid surface submerged 
in 10 mm HEPES buffer with the formulation mentioned above, but with 
the addition of 4 mm CaCl2.

Surface Preparation: SiO2, Al and Al2O3 surfaces were fabricated in the 
Norwegian Micro- and Nano-Fabrication Facility at the University of Oslo 
(MiNaLab). All thin films were deposited on glass cover slips (Menzel 
Gläss #1, 100–150 μm thickness; WillCo Wells B.V., Amsterdam, NL). No 
pre-cleaning was performed on glass substrates before deposition. SiO2 
and Al were deposited onto the glass substrates by E-beam and thermal 
PVD evaporation using an EvoVac instrument (Ångstrom Engineering, 
Canada), to a final thicknesses of 10 nm of Al, and 84 nm of SiO2. Al2O3 
was deposited onto glass substrates by atomic layer deposition (Beneq, 
Finland), to a final thickness of 10 nm. Surfaces were used immediately 
after their fabrication.

Addition of Chelators and Fluorescein Molecules: For initiation of the 
subcompartmentalization, ambient buffer in the sample was gently 
exchanged with 10 mm HEPES buffer containing 100 mm NaCl, 10 mm 
EDTA and 7 mm BAPTA (pH 7.8, adjusted with 5 mm NaOH), using an 
automatic pipette 20 min after the initial deposition of the vesicles onto 
the substrates. All consecutive steps of the experiments were performed 
at same pH.

The experiments involving fluorescein exposure were performed 
by using a microfluidic pipette (Fluicell AB, Sweden). The surface-
adhered vesicles were superfused with HEPES buffer with 100  mm 
NaCl, containing 25  μm of Fluorescein Sodium Salt (pH 7.8, adjusted 
with 5 mm NaOH). The HEPES buffer used in the experiments shown 
in Figure  4a contains Ca2+, but is chelator-free. The vesicles used for 
Figure 4a are composed of identical lipid species, and are of similar size 
(4-6 μm in diameter).

Local Heating: An optical fiber coupled to an IR-B laser 
(cf. Section S3, Supporting Information) was assembled to locally 
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increase the temperature in the sample.[47,66] A semiconductor diode 
laser (HHF-1470-6-95, λ  = 1470  nm , Seminex), driven with an 8 A 
power source (4308 Laser Source, Arroyo Instruments) was used in 
combination with an 0.22 NA multimode optical fiber with 50  μm 
core diameter (Ocean Optics). The fiber was located around approx. 
30–50  μm from the vesicle. The laser current utilized for experiments 
were in the range 0.7 A, resulting in a local temperature increase to 
40 °C.[47]

Microscopy Imaging: All microscopy images were acquired with a 
laser scanning confocal microscopy system (Leica SP8, Germany) using 
a HCX PL APO CS 40x oil, NA 1.3 objective. The excitation/emission 
wavelengths varied with the employed fluorophores: Rhodamine ex: 
560  nm em−1: 583  nm (Figure S1, Supporting Information); Texas Red 
DHPE ex: 595 nm em−1: 615 nm (Figure 1, Figure 2, Figure 4, Figure 5); 
ATTO 655-DHPE ex: 655 em−1: 680 (Figure 3); Fluorescein ex: 488 nm, 
em: 515 nm (Figure 3, Figure 4).

Image Analyses: 3D fluorescence micrographs were reconstructed 
in Leica Application Suite X Software (Leica Microsystems, Germany). 
Image enhancement of fluorescence micrographs for the figures were 
performed with the Adobe Photoshop CS4 (Adobe Systems, USA). The 
fluorescence intensity analyses shown in Figures 2m,n, 3h, 3l, 3p, and 4a, 
were performed by using NIH ImageJ Software. For the micrograph 
series represented in Figure 2m,n (Movie S1, Supporting Information), 
median filtering was applied with ImageJ. For each vesicle in Figure 4a, 
the average intensity was measured within the whole vesicle interior 
at each time point normalized to the intensity of the exposed ambient 
stock solution with constant concentration. All graphs were plotted 
in Matlab R2018a, which was also used to generate the linear fit in 
Figure 2n. Schematic drawings were created with Adobe Illustrator CS4 
(Adobe Systems, USA).

Finite-Element Simulations: Finite element modeling (FEM) was 
performed with the COMSOL Multiphysics software, using transport 
of dilute species physics (chds). The authors’ model assumes a 
membrane thickness of hm = 1  nm, and fluorescein diffusion coefficient 
of D  = 4.25 × 10−10 m2 s−1.[20] The geometry was built using cylindrical 
symmetry around axis x. The vesicle has a spherical shape with radius 
Ru, which was set to 2.5, 5, or 7.5 μm. It was assumed there was no 
material transport through the membrane (no flux boundary) except 
through one cylindrical pore (length hm and radius Rp) positioned on 
the x-axis and connecting the vesicle with the external volume. The 
vesicle had initial internal concentration c  = 0, while external volume 
had c  = c0  = 1. The outer boundary of the external volume was set to 
the constant concentration 1, mimicking a very large bath compared to 
the vesicle. For the simulation, the vesicle dimension was varied, while 
the pore dimension was set to Rp = 5  nm, or changed to a pore radius 
between 2.5 and 7.5  nm while the vesicle radius was kept Rv  = 5 μm  
(cf. Section S4, Supporting Information). The simulation was transient 
from 0 to 600 s in 100 ms steps.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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S1. Lipid compositions and surfaces 

Table S1. Lipids, lipid-conjugated fluorophores and solid surface combinations  

 
Abbreviations used in the table are as following: 
PC  : L-α-phosphatidylcholine (Soy) 
DOPE  : 18:1 Dioleoylphosphoethanolamine 
PE  : L-α-phosphoethanolamine (E.coli) 
PG  : L-α –phosphatidylglycerol (E.coli) 
CA  : Cardiolipin (E.coli) 
E.coli Ext. Pol.  : E.coli polar lipid extract 
 
All lipid products and 16:0 Liss Rhodamine PE were purchased from Avanti Polar Lipids, USA. 
Texas Red-DHPE was purchased from Sigma-Aldrich, USA. ATTO 655-DHPE was purchased 
from ATTO-TEC, Gmbh Germany. 

 

Surface Lipid species wt% percentage Fluorophore (1%) 
Associated 

figure 

Al2O3 
PC:DOPE 69:30 

Texas Red-DHPE 

ATTO 655-DHPE 

Fig. 1a-b, e-f 

Fig. 2a-l 

Fig. 4a 

PE:PG:CA 67:23:9 16:0 Liss Rhod PE Fig. 3a, e-p 

Al 

PC:DOPE 69:30 Texas Red-DHPE 

Fig. 1c-d 

Fig. 5a-c 

Fig. S5a-f 

E.coli Ext. Pol. 99 16:0 Liss Rhod PE Fig. S5g-j 

PE:PG:CA 67:23:9 16:0 Liss Rhod PE Fig. S1a 

SiO2 PE:PG:CA 67:23:9 
16:0 Liss Rhod PE 

ATTO 655-DHPE Fig. S1b 
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Figure S1. Subcompartmentalized model protocells made from PE-PG-CA lipids on (a) an Al 
surface with a native oxide layer, (b) SiO2 surface. 

S2. Experimental setup 

 

Figure S2. For the simultaneous heating and pulsing of fluorescein, an optical fiber coupled to 
an IR-B laser and a microfluidic pipette were positioned above the model protocells in the 
sample chamber, using 3-axis water hydraulic micromanipulators. The tip of the fiber and the tip 
of the pipette were placed in close proximity to target the same model protocell. 
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S3. Localized heating 

 
Figure S3. Localized heating. (a) The optical fiber is positioned above the surface near the 
model protocell of interest. Upon activation of the laser, the temperature in the vicinity of the 
protocell is increased to 40 °C. The heating can be applied with (Fig. 3) and without (Fig. 2) 
simultaneous fluorescein pulsing. Both the optical fiber tip and the microfluidic pipette tip are 
submerged into the sample buffer (not shown). (b) Micro-photograph of the optical fiber tip 
employed in the experiments. (c) Close up of the optical fiber tip while heating a model 
protocell. 
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S4. FEM simulations 

Fig. S4 shows the concentration change in vesicles of varying size and with varying pore sizes 
over time, according to the FEM simulations described in the main article (Fig. S4a). Data sets 
are fitted with the function 1- -kt, where the  is a loading rate. This is analogous to charging a 
capacitor through a resistor (RC circuit), where the vesicle internal volume will take the place of 
capacitor, and the pore will be the resistance for the loading. As expected, the loading rate 
increases with pore radius (Fig. S4b) and it is inversely proportional to the vesicle volume (Fig. 
S4c). 

 
Figure S4. (a) FEM simulations showing encapsulation of fluorescein in vesicles of varying size 
and pore size, over time. (b) loading rate vs. pore radius, (c) loading rate vs. vesicle volume. 
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S5. Stability of daughter protocells  

Figure S5. (a-j) Confocal micrograph of daughter protocells remaining after pseudo-division. (a, 
d) 3D reconstructed, perspective view (x-y-z) (b-c, e-f) cross-sections, side views (x-z/y-z). 
Micrographs were taken 12 hours after the addition of chelators to the ambient solution. 
Confocal micrographs of daughter protocells from profile view (g) and top view (h-j). The 
micrographs have been acquired 7 h (h), 9 h (i) and 12 h (j) after chelator addition. The 
membranes of the vesicles shown in this figure are composed of (a-f) PC-DOPE or (g-j) E.coli 
Ext. Pol.; all of the surfaces are Al (with a native oxide layer). 
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S6. Product efficiency of pseudo-division 

Figure S6. (a-d) Confocal micrographs showing two different experiments (a-b, c-d) where 
pseudo-division occurred. The number of subcompartments increase after the rupturing of the 
enveloping (distal) membrane (Mov. S3).  

 

Supplementary Videos 

Movie S1. Subcompartmentalization at increased temperature. Laser scanning confocal 
microscopy time series showing the temperature-induced formation, growth and fusion of the 
subcompartments. 
Movie S2. Encapsulation and compartmentalization of fluorescein. Laser scanning 
confocal microscopy time series showing the encapsulation and release of the fluorescein by 
the subcompartments and the primary volume of the protocell. Part I: room temperature, Part II:  
increased temperature (40 °C).  
Movie S3. Pseudo-division.  Laser scanning confocal microscopy time series showing process 
of the pseudo-division upon disintegration of the distal membrane of the compartmentalized 
protocell. 




