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1 Introduction                      

 

Biology literally means the study of Life and it should not surprise if such discipline has 

ancient roots, in fact, human beings were always curious to know the secrets and the rules 

that govern the Nature. During the course of history, they tried to give answers to the 

existential questions like “what is life?”  “Where do we come from?”  “How did life arise?” 

We have not found the answers yet, but a relatively young research field, the synthetic 

biology, has made progress in this matter. When we look at modern cells, we have to admit 

that even the simplest one is composed by thousands elements connected each other by 

a complicated and intriguing metabolic network. This complexity is due to billions of years 

of evolution and it is reasonable thinking that the protocells were not as complex as the 

actual ones.  We do not try to reproduce an artificial full-fledged cell, but instead we would 

reproduce those simple complexes that brought to the first cell. The approach that we 

consider here does not involve genetic manipulation, but it is a chemical approach; we 

focus on the preparation of semi-synthetic cells via encapsulation of biochemicals inside 

lipid vesicles.  In the next paragraphs, we introduce a brief account on the scientific 

explanation of the origin of life to give a better view on the framework of our research on 

the primitive forms of metabolism. 

1.1  Scientific explanation of the origin of life 

Aristoteles (384 B.C. – 322 B.C.) on the base of the earlier idea of Empedocles, thought 

that life has spontaneously arisen from inanimate matter, giving the birth to the abiogenesis 

theory. From this moment, and for several centuries, philosophers and intellectuals 

generally accepted the idea of spontaneous generation until the birth of the experimental 

scientific approach.  

During the XVII century, many scientists started to perform experiments to see if organisms 

and microorganisms could be indeed generated from inanimate matter. The debate 

persisted for about two hundred years ending in 1862 with the brilliant experiments 

executed by Luis Pasteur, showing the impossibility to make living beings from non-living 

matter.   

The XIX century is considered as starting point of the modern biology even for the 

innovative theory of evolution formulated by Charles Darwin in his famous book The Origin 

of Species published in 1859. Darwin proposed that all the present organisms have 

“Everything should be as simple as it is, but 
not simpler.” 
Albert Einstein  



2 
 

originated from few or even one common ancestor. He claimed that a fundamental role was 

played by the natural selection in order to make new kinds of living forms and the given 

variation is heritable. The naturalist author did not try to give an answer to the origin of life, 

but he figured out a scenario in which life could have arisen, he imagined a “warm pond” 

where the right ingredients were present (namely the famous primordial soup). 

At the beginning of the 20th century, Aleksandr Oparin and John Haldane resumed the 

theory of the spontaneous generation moving it on a larger scale of years and from a very 

new point of view (Oparin 1924, 1953 and 1957; Haldane 1929, 1954, 1967). They 

assumed that in primitive times there should be no free oxygen, since it makes some 

compounds needed for evolution of life, e.g. sugars and amino acids, unstable. They 

imagined the primeval soup surrounded by a reducing atmosphere in which the first 

molecules formed. According to the Oparin’s theory, there was not a gap between the 

inorganic matter and living cells, but starting from simple atoms and small molecules like 

water, nitrogen and carbonic dioxide there was a spontaneous and extremely slow increase 

of molecular complexity, giving simple organic molecules first (e.g. amino acids, 

nucleosides, nucleotide and small lipids). Then, thanks to the only action of basic laws of 

physics and chemistry, they could react to give complex molecules, which in turn 

assembled into simple functional complexes and then into the cells. There has been a kind 

a flux of reactions that brought from inanimate material present on the Earth to the first 

forms of life (figure 1.1), we can say that the matter underwent to a real “chemical 

evolution”. This theory is called “the continuity principle” (Oparin, 1924; De Duve, 1991; 

Morowitz, 1992) and the scientific community still take it for granted. Although it is certainly 

true that starting from a certain moment “life comes from life” (Pasteur experiments), the 

very first living organism, probably a tiny primitive and not very efficient microorganism, 

necessarily originated from non-living matter (abiogenesis). Note, that the so-called 

“panspermia” theory (Hoyle and Wickramasinghe, 1999; Britt, 2000; Shostak, 2003) – 

namely, the not-fully convincing idea that life arrived to the Earth in form of spores from the 

space – just shifts the problem from abiogenesis on Earth on abiogenesis on another 

planet.  

From this perspective, then, the mechanisms underlying abiogenesis becomes the central 

topic of the old question: how did life originate on Earth? As mentioned, it seems reasonable 

thinking that the first organisms were unicellular cells, not so complex like the ones that we 

know, and that the path that brought to life, even if it is still largely unknown, was 

characterized by combinatorial trials at the molecular and supramolecular level. In such 

scenario, inefficient or unreactive systems were just discarded, whereas slowly evolving 

chemical systems, which eventually lead to the formation of cell structures with minimal 
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complexity, were selected. Such systems, although very simple and rudimentary, were able 

to perform simple functions and gave rise to early life on our planet.              
                                                     

 
 
                          Figure 1.1. Arbitrary scale to explain the continuity principle. 

 

It is intriguing and at the same time rewarding, trying to imagine how these minimal cells 

look like, and also making them in the laboratory (Luisi and Varela, 1990). This practice will 

allow us to understand, in a stepwise manner, what could have happened billions of years 

ago. The concepts and the experimental implementation “minimal cell” will be discussed 

more in detail in the paragraph 1.4. 

1.2 Prebiotic chemistry  

The new view about the origin of life originated by the Oparin-Haldane theory unlocked the 

door to series of experiments (some more brilliant, other less) directed to reproduce some 

basic biological compounds in prebiotic conditions. It might be that making life from non-

life was a titanic effort, because primeval Earth, billions of years ago, was completely 

different from the Earth that we well know now, and only in those particular conditions, life 

could arise.  It is quite logical that understanding, as much as possible, the condition on the 

Earth crust at the earliest stages could help to explain the origin of the first forms of life. 

Our planet reached its actual mass around 4.5 billions of years ago; it had a melted metal 

core and a particular atmosphere (Halliday, 2000). After its birth, celestial bodies 

bombarded the Earth, causing the formation of a too warm and dense atmosphere to permit 

the emergence of life. The most important element for life is obviously water, it could have 
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formed after the cooling of the crust, the analysis of some zircon crystals showed that it 

happened 4.4 billions of years ago (Wilde et al. , 2001; Mojzsis et al., 2001). 

Microfossils of prokaryotes, the simplest organisms on our planet, were found in Australia 

and they are dated 3.5 billions of years ago -“only” some millions of years after the formation 

of the oceans (Schopf, 1992, 1993, 1998), so all the scientists agree that life started 

between 3.5 and 3.9 billions of years ago. There was a long disputation, as already 

mentioned before, on the composition of the atmosphere at that time, for one discussed 

theory it was reducing (CH4 + N2, NH3 + H2O or CO2 + H2 + N2), for another it was neutral 

(CO2 + N2 + H2O), but for both there   was no free oxygen (Lazcano and Miller, 1996).  

 
 
Figure 1.2. Scheme showing some stages that characterized the Earth from its origin, passing through the 
formation of the first cells arriving to the emergence of the Homo sapiens. 
 

It is assumed that some chemical processes can be made in laboratory in order to 

reproduce the transition to life, once we find the right combination of prebiotic compounds 

and the right conditions. Some theorists have suggested that in such reducing atmosphere, 

the electrical energy due to the lighting could have catalysed the synthesis of some small 

molecules of life, like amino acids and fatty acids. 

This theory become stronger in 1953 by the remarkable experiment performed by Stanley 

Miller when he was a PhD student of the famous Harold C. Urey. Miller wanted to verify if 

organic molecules could be obtained by spontaneous generation reproducing primordial 

atmosphere. 

This is a historical experiment, he reproduced the atmosphere with hydrogen, water, 

methane and ammonia in a closed chamber and he used the electricity to simulate the 

lighting discharge. In another flask there was boiling water in order to mimic the warm 

oceans. After some weeks, the analysis of the content in the collecting flask showed the 

presence of organic components, the most impressing ones were some amino acids (e.g. 

glycine, alanine, glutamic acids), which are fundamental building blocks of proteins, the 
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most important molecules for life (Miller,1953).  It is now believed that the atmosphere was 

not reducing, but it does not mean that this experiment loses its relevance. 

After this experiment, many other scientists tried to reproduce fundamental prebiotic 

compounds and it is worth mentioning Joan Orò. He actually wanted to reproduce the 

Miller’s experiment, but using an aqueous solution containing hydrogen cyanide (HCN) and 

ammonia (NH3). What he obtained from this experiment was terrific, in addition to some 

amino acids there was an amazing amount of adenine (Orò, 1960), that has a big 

significance in biology because it is present in nucleic acids and in adenosine triphosphate 

(ATP). These successful results made the scientific community optimistic at that time, but 

we are still far from answer to the question about the origin of life. In fact, amino acids and 

adenine are bio monomers, so how could they form bio oligomers or biopolymers? The 

question gets more complicated if we go through the modern biology and we try to 

understand how the genetic code came out or if we think about the first metabolism. It is 

not obvious that one day, eventually we could fill these gaps, because these events have 

happened billions of years ago, we have no evidences or fossils to study and the conditions 

are difficult to verify and even to imagine. 

 

1.3 Autopoiesis and Cellular Life 

When we look at the modern cells, even the simplest ones like prokaryotes, we have to 

admit that these are complex systems, made by a huge number of components like genes, 

proteins and with different metabolic paths. We cannot imagine that the first cells had such 

a sophisticated organisation, but more probably, they arose from the warm pond as 

“limping” cells (Luisi et al., 2006). All the biologists agree that the evolution has started from 

LUCA (last universal common ancestor) that was already a family of cells containing their 

own genome, capable to synthetize proteins and self-replicate. Before cells reached that 

level, there should have been a certain period of time in which the chemical evolution was 

characterized by trials and in which those “limping cells” were simple and capable only of 

some of the features and owing only some of the structures that distinguish the modern 

cells. Before trying to make an artificial cell, we have to define what cellular life is. It could 

seem an easy deal, but in the past, it was subject of debate for long time. In the Seventies 

of the last Century  two scientists, Humberto R. Maturana and his student Francisco R. 

Varela, introduced the notion of autopoiesis (from Greek auto = self, poiesis = production) 

(Varela et al., 1974; Maturana and Varela, 1980). They gave three properties to living 

systems: self-maintenance, self-reproduction and capability to evolve. The semi-permeable 

boundary plays a central role in the autopoiesis theory. It is thanks to this barrier that 

nutrients are taken up from the external medium and waste products are discarded, in order 
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to maintain the cell identity (homeostasis). The cell, as an autopoietic unit, is an open 

system delimited by a membrane and within there is a network of reactions adapted to 

guarantee its conservation and to produce the boundary components, keeping a link 

between the cell itself and the external environment, this link is the metabolism. The cyclic 

logic of cellular life is represented in Figure 1.3. A minimal autopoietic system consists in a 

self-bounded system able to uptake a precursor P from the external medium and to 

transform it into the boundary elements S, which can undergo a degradation process to W. 

The relative rates of these processes determine if the system can grow, stay in homeostatic 

state or die (Stano and Luisi, 2010). 

The concept of autopoiesis is connected to the so called “compartment approach”, a theory 

that bases the origin of life on the formation of a spherical and closed boundary. The logic 

of this idea is that all the living being are composed by cells or they are a cell and the 

interaction with the external medium is due to the boundary. We have also to point out that 

cell-like compartments can be formed spontaneously by prebiotic molecules like fatty acids 

(Deamer, 1985; 1998; Bachmann et al., 1992; Walde et al., 1994). 

 

              

Figure 1.3. Autopoiesis. (a)The cyclic logic of cellular life. The cell, a self- bounded system, generates a 
metabolic reaction network that produces molecular components that determine… and so on. (b) A minimal 
autopoietic system characterized by two competitive reactions, one to build and another one to destroy the 
boundary components. (Picture redrawn from Stano and Luisi, 2010)  
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The current trend is studying the potential functional activities of “minimal” systems, which 

could form without the action of any catalysts, for example, we can study how vesicles can 

entrap some molecules while they are spontaneously forming in solution and triggering a 

simple metabolism. The idea is that the first biopolymers could be generated, by chance, 

thanks to spontaneous reactions driven by thermodynamic laws. Then they started to work 

together to make biochemical systems, which were complex, organized and probably 

compartmentalized, to arrive to a population of protocells capable to make simple functions, 

even if with lower efficiency, like nucleic acids replication or the synthesis of small proteins 

or lipids. 

 
1.4 The minimal cell project 
                                                                                           
 

 

 

With the minimal cell project all the last theories are, in a way, summed up. The starting 

point is the consciousness that the first cells were much simpler than the actual ones, so 

the aim of this project is not to make a modern cell, but instead to make simple models that 

mimic some of the huge number of reactions and structures that characterize this life unit. 

We can define a minimal cell as a system containing the minimum and sufficient number 

of components to be “alive” and it has to be able of self-maintenance (metabolism), 

reproduction, and evolvability (Luisi et al., 2006). Evolvability is actually a Darwinian notion 

and it is more inherent to a population than to a cell. From this point of view, it should be 

better consider a family of minimal cells subject to the environment and genetic evolution. 

Is it possible to imagine a cell like that and to assemble it in the lab? 

From the operative viewpoint, we can say that it is possible encapsulating different 

components inside vesicles, but what kind of molecules can we use to make such cell? 

There are mainly two kinds of approaches called respectively top-down and bottom-up.  

With the bottom-up approach scientists try to reproduce minimal cells starting from simple 

prebiotic molecules, examples are the experiments of Miller and Orò already described in 

paragraph 1.2, and the more recent work of Sutherland’s group showing the biosynthesis 

of mononucleotides (Powner et al., 2009). According to the observation made by 

Eschenmoser and Kisakürek (1996) this approach can help to understand better some 

possible chemical steps, which brought life on the Earth, even if it cannot describe and 

verify the exact path. A minimal cell composed by plausible prebiotic components should 

be able to auto-maintain itself absorbing compounds from the outside medium and 

transforming them in the constituents of the protocell, so it should be an autopoietic unit. 

“In nature we never see anything isolated, 
but everything in connection with 
something else which is before it, beside it, 
under it and over it”. 
Johann Wolfgang von Goethe 
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This kind of approach has some theoretical and physical limits, for example, we do not 

know a biochemical compound that is able to auto-replicate and to make some catalytic 

functions like forming membrane lipids. A model was proposed, which uses ribozymes, 

molecules that theoretically can supply the features anticipated before.  

This model was described in 2001 by our collaborator Pier Luigi Luisi with Jack Szostak 

and David Bartell. It is a protocell composed by two ribozymes inside a vesicle (Szostak et 

al., 2001).  The concept is showed in Figure 1.4, a lipid vesicle containing two ribozymes, 

one (Rib2) is able to catalyse the synthesis of the membrane components; the other one 

(Rib1) is a RNA-replicase that can replicate itself and Rib2. In this way, only with two 

ribozymes, we have a minimal protocell able to reproduce itself. While Rib1 synthetises the 

components inside the cell, the second ribozyme produces the lipids, increasing the cellular 

surface and allowing cellular division in other two cells and this theory is supported by the 

experiments made at the beginning of Nineties in Zurich in Luisi’s group (Walde et al.,1994; 

Bachmann et al., 1992; Luisi, et al, 1993). 

                                        

                            
                                    Figure 1.4. RNA minimal cell (redrawn from Szostak et al., 2001) 

The “ribocell”, however, is still a non-concrete example of protocell, in the sense that it 

cannot be constructed in the laboratory as the two ribozymes that would be needed have 

not been discovered yet. However, the ribocell is anyway interesting from a theoretical point 

of view. So, how can we proceed experimentally? 
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Other scientists considered the second approach, the so-called “top-down”, where the 

starting point here is the modern cell. Ideally, a minimal cell is obtained by reducing the 

complexity of modern biological cells in order to obtain a simplified one. The genomes of 

the simplest micro-organisms were analysed and compared, to see the basic set of genes 

for a minimal form of life. The “minimal genome” is defined as the minimal number of 

(prokaryotic) genes needed to make the cell functional even with a low efficiency, without 

repair mechanisms or regulation. Obviously, we have to distinguish between the genome 

of parasites and free-living pathogens, the first ones could have smaller genome than the 

latter ones, but it is due only for the symbiosis with a hosting body, which supplies the 

lacking materials. The minimal genome was studied by various groups like Mushegian, 

Koonin and recently by the group of Moya. The latter claimed that 206 genes are enough 

for a minimal cell, as showed in Table 1.1 (Gil et al., 2004). 

At the first sight, this number could appear small, especially if we compare it with the 

genome of Mycoplasma genitalium, the microorganism with the smallest number of genes, 

namely 483. However, even 206 genes can be too many for early cells formed billions of 

years ago. Is the synthesis of such a long DNA plausible on the primeval Earth? Very 

probably, when we talk about protocells we have to reduce drastically the number of genes 

involved. 
 
                       Table1.1. Minimal genome proposed by Moya and collaborators. (Gil et al., 2004).                                
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We can speculate that the first enzymes were not as sophisticated as the actual ones and 

also less in number, for example we can imagine that  at that time only one polymerase 

could be enough to synthetize DNA and RNA. Moreover, the first ribosomes were probably 

simpler and not composed by all the 55 proteins that form the modern prokaryotic ribosome. 

From this point of view, we can imagine that the primitive genome was probably poorer 

(Luisi et al., 2002). 

In the context of synthetic biology it is remarkable the work made by the group of Craig 

Venter, who synthesized a minimal set of genes and insert it into a modified Mycoplasma 

mycoides, leading to a self-reproducing bacteria (Gibson et al., 2010). However, it should 

be pointed out that such an approach was possible only thanks to the built-in metabolic 

machinery present in the bacterium, which acted as “chassis” where the synthetic genome 

was “plugged-in”.  

The research group where I made my PhD work and the collaborators in Rome, in particular 

the EU-FP6 Synthcell, aim at the construction of  minimal cells from a still different direction, 

which is intermediate to bottom-up (prebiotic-like) and top-down (à la Venter), in the sense 

that uses modern molecules but it follows a bottom-up (constructive) approach. As already 

mentioned before, our methodology does not involve genetic manipulation, instead we 

chose a chemical approach, as part of the semi-synthetic biology. Our goal is to construct 

a minimal cell using the physical and chemical forces that drive molecules to auto-

assemble, for example, we use the property of single lipid molecules to make vesicles when 

they are in aqueous solution, entrapping modern biomolecules as nucleic acids or enzymes 

and follow the reactions inside those compartments. We can say that it is a revisited bottom-

up approach, aiming to understand the possible events that could link the origin of life 

phenomenon to the spontaneous organization of the matter into cellular structures. In 

Figure 1.5 it is shown a simplification of a semi-synthetic minimal cell (SSMC) and the 

method used in our research group. 

In the Eighties, the chemical implementation of autopoiesis theory was developed with a 

system composed by reverse micelles, aqueous micelles and lipid vesicles. All these 

systems were able to grow and reproduce, showing a potential duplicating mechanism of 

protocells (Luisi and Varela, 1990; Stano and Luisi, 2010). 

During the last decades, several  reactions have been realized inside lipid or fatty acid 

vesicles, as the enzyme polymerization of ADP in poly (A) using polynucleotide 

phosphorylase (Walde et al., 1994); then the RNA replication through Qβ replicase 

(Oberholzer et al., 1995a; Kita et al., 2008) and a polymerase chain reaction (Oberholzer 

et al., 1995b). The Nineties were characterized by many pioneer discoveries  as the first 

protein expression driven by ribosomes in liposomes (Oberholzer et al., 1999) to arrive at 
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the beginning of Two thousand with  the synthesis of GFP, Green Fluorescent Protein (Yu 

et al., 2001). 

                  
                       Figure 1.5 Semi-synthetic minimal cell. (Redrawn after Luisi et al., 2006) 

 

1.5 Lipid vesicles as model of primitive cells 

The research discussed in previous paragraphs suggests that an important constituent for 

a cellular life is the membrane. It is a layer surrounding the cell and it has different functions, 

it distinguishes the inner of the cell from the external medium and at the same time, it is a 

link between them. Indeed, it has a critical role in discriminating molecules allowed to pass 

through it, going into the internal cavity or discarding outside. It has also the role to protect 

the nucleic acids (prokaryotes have no nucleic membrane) and other organelles. We can 

say that the formation of the first membranes had a terrific importance in the path that 

brought the matter from the non-living to living state. The modern membrane is composed 

by different molecules, the majority are phospholipids arranged in a double layer in which 

are present proteins and other kinds of lipids with different structures and functions (for 

example proteins forming ionic channels). 

In the past, it was claimed that the first cells could have been formed on clay or mineral 

surfaces, but it is quite difficult that all the biomolecules could organize on a solid surface, 

so more probably the first stages took place in water, as assumed by Darwin.  

The research field of semi-synthetic biology tries to make simple artificial models of natural 

structures, obviously the primitive membranes were not as organised and complex as the 

modern ones and were probably formed by fatty acids of different lengths without ionic 

channels, such sophisticated structures are the product of evolution, even if some years 

ago was demonstrated that α-hemolysin could mimic these structure procuring pores in the 

membrane (Noireaux at al., 2003). 

It was found that lipid vesicles were the best option to make membrane models, the most 

well known nano- or micro-metric compartments used for these type of experiments are 
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water-in-oil emulsions (Torre et al., 2014; Pietrini and Luisi, 2004), inverse micelles 

(Bachmann et al.,1990), liposomes (Chen et al., 2004; Soga et al.,2014) and giant-vesicles 

(Kurihara et al., 2011). In this thesis, we focus on liposomes or phospholipids vesicles 

(double-layer lipid vesicles).  

Lipid vesicles (from Latin vesicular, -ae, small bladder) are closed compartments able to 

form spontaneously in aqueous solution and in which one or more lipid bilayers separate 

the inner from the bulk exactly like the cell membranes do and in their pool all the reactions 

are realized. Other similarity with the natural cell bilayer is the composition, the amphipathic 

molecules, which have the important feature for the origin of life to aggregate 

spontaneously thanks only to thermodynamic forces (Alberts, 2008). The amphipathic 

molecules are organised in a head-tail geometry, a hydrophilic head and one or two 

hydrophobic tails, the first part is in contact with the water inside and outside the vesicle 

and the tails interact each other avoiding water.     

        

          Figure 1.6 Formation of micelles or liposomes starting from amphipathic molecules. 

 

The critical aggregation concentration (c.a.c., minimal surfactant concentration necessary 

to form the aggregate) influences the vesicles formation as well as many other factors like 

the pH, the temperature, the nature of the solvent etc. 

Liposomes present some limits, for example their low permeability to molecules and the 

impossibility to let them fuse between each other, bringing to the difficulty to exchange 

material or the encapsulation of solutes. 

From the other hand we have seen in the past that liposomes can proliferate when 

surfactant molecules are added in solution, this phenomenon is called “matrix effect” 

(Bloechliger et al., 1998). Moreover, they are not at thermodynamic equilibrium, but more 
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in a kinetically trapped state. The energy barrier is high and this equilibrium is not easy to 

reach, so vesicles, once formed, are kinetically stable for hours or days.  

It is also possible entrap molecules inside liposomes, in fact they are extensively used as 

drug delivery  in bio-medicine and depending on the chemical nature of the drugs they can 

be in the aqueous pool or on the membrane surface.  

 

1.6 Aim of the study  

LUCA was defined as a family of cells, they were already compartmentalized structures 

containing their own DNA, RNA and proteins separated and protected from the external 

environment by the lipid membrane. Even if they were present on the Earth as single cells, 

they had developed a significant complexity due to the presence of a genome and 

thousands components connected and sustained by a labyrinth of metabolic pathways. We 

have already said that this complexity was drastically lower in the early stages of chemical 

evolution, namely during the organization of the matter into the first quasi-living organisms. 

The path that brought to life is corroborated by several gaps that we have not filled yet. 

One of the crucial points in this research field is the development of the first metabolism; in 

particular, the main question from which all these studies came out is: did the metabolism 

start in a diluted solution, as suggested by Darwin, or inside compartments?  

Both the scenarios are difficult to imagine, because if on one hand there is the problem of 

the simultaneous co-entrapment of a big number of solute, on the other hand there is the 

fact that the membrane is not permeable to macromolecules. 

The starting point of my project are two studies made in my group, in which it was showed 

that, within a population of liposomes with radius of about 100 nm, some liposomes were 

capable of protein expression (cell-free synthesis of the fluorescent protein GFP), and 

surprisingly the average yield of fluorescent protein in those “special” liposomes was six 

times higher than in bulk. Such an observation was unexpected because, according to the 

Poisson distribution, the probability to co-entrap all solutes (about 80) required for cell-free 

protein synthesis was approximatively zero. Therefore, it was made the hypothesis that 

solutes were encapsulated as if their local concentration was twenty times higher than the 

expected one (de Souza et al., 2009), being these conditions met only for a small number 

of liposomes. The second paper reported a work focused to testing this initial hypothesis. 

In particular, a model protein – ferritin – was employed. Ferritin was used because it is a 

large protein, containing several thousands iron atoms and it can be detected using an 

electron microscope. Actually, ferritin is a classical probe for electron microscopy. After 

counting the number of ferritin molecules inside about eight thousand liposomes, the study 

showed that 90% of vesicles were empty, so they did not entrap any molecule of solute, 

others were filled with a small number of ferritin  and very few vesicles (less than 1%), 
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contained a large number of ferritin, so that the ferritin concentration in the lumen of these 

liposomes become very high, up to about 10-20 times more concentrated than the expected 

value. Against the statistical expectation, liposomes could accumulate a remarkable 

number of solutes and forming a cell-like (crowded) compartments.  

How was this possible? The mechanism is still unknown, but this phenomenon is very 

important for the origin of life scenario. Even starting from a diluted solution, the vesicles 

could entrap the solutes up to a very high concentration. In statistical terms, it was also 

surprising to discover that such phenomenon follows a “power low” distribution curve 

instead the expected Poisson distribution (de Souza et al., 2011), a sort of “all or nothing” 

scenario. 

These studies are limited to those solutes that can be seen by electron microscopy, so it 

was not possible to see a kinetic reaction. With the present work, we aim at investigating  

more dynamic systems and using fluorescent molecules, so that biochemical reactions can 

be followed by confocal laser-scanning microscopy. We start from a single fluorescent 

protein to move then to a system formed by one enzyme and one fluorogenic substrate and 

see if the reaction can work better inside the liposomes than in diluted solution, to arrive 

then to a more complicated system in which 80 components are entrapped in a vesicle in 

order to express the green fluorescent protein (eGFP) using two different minimal kits. 
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2 Publication Overview 
2.1 Physical Routes to Primitive Cells: An Experimental Model 
Based on the Spontaneous Entrapment of Enzymes Inside 
Micrometer-Sized Liposomes  
Erica D’Aguanno , Emiliano Altamura , Fabio Mavelli , Alfred Fahr , Pasquale Stano  and 
Pier Luigi Luisi   

Life (Basel). 2015 Mar 18;5(1):969-96. 

Abstract: How did primitive living cells originate? The formation of early cells, which were 

probably solute-filled vesicles capable of performing a rudimentary metabolism (and 

possibly self-reproduction), is still one of the big unsolved questions in origin of life. We 

have recently used lipid vesicles (liposomes) as primitive cell models, aiming at the study 

of the physical mechanisms for macromolecules encapsulation. We have reported that 

proteins and ribosomes can be encapsulated very efficiently, against statistical 

expectations, inside a small number of liposomes. Moreover, the transcription-translation 

mixture, which realistically mimics a sort of minimal metabolic network, can be functionally 

reconstituted in liposomes owing to a self-concentration mechanism. Here we firstly 

summarize the recent advancements in this research line, highlighting how these results 

open a new vista on the phenomena that could have been important for the formation of 

functional primitive cells. Then, we present new evidences on the non-random entrapment 

of macromolecules (proteins, dextrans) in phospholipid vesicle, and in particular we show 

how enzymatic reactions can be accelerated because of the enhancement of their 

concentration inside liposomes. 

Own contribution on the article:  

1) Performing Experiments  

2) Data evaluation, interpretation and presentation of the results. 
3) Contribution in writing the article 
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2.2 A remarkable self-organization process as the origin of    
primitive functional cells. 
Pasquale Stano, Erica D'Aguanno ,  Jürgen Bolz , Alfred Fahr , Pier Luigi Luisi 

Angew Chem Int Ed Engl. 2013 Dec 9;52(50):13397-400 

 

Abstract: Encapsulation: The emergence of primitive cells remains an enigma of the origin 

of life. By modeling this key process as the encapsulation of a complex multimolecular 

mixture inside liposomes, a remarkable self-organization process has been revealed that 

brings about solute-rich compartments in which protein synthesis can take place. 

Own contribution on the article:  
1) Performing Experiments  

2) Contribution in data evaluation, interpretation and presentation of the results. 

3) Contribution in writing 
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2.3 Encapsulation of Ferritin, Ribosomes, and Ribo-Peptidic 
Complexes Inside Liposomes: Insights Into the Origin of 
Metabolism. 
Tereza Pereira de Souza , Pasquale Stano, Frank Steiniger , Erica D'Aguanno , Emiliano 

Altamura , Alfred Fahr , Pier Luigi Luisi  

Orig Life Evol Biosph. 2012 Oct 19;42(5):421-8. 

Abstract: Here we summarize the main results of our latest investigation on the 

spontaneous encapsulation of proteins (ferritin) and ribosomes inside lipid vesicles. We 

show that when vesicles form in a solution containing some macromolecules (even at low 

concentration), in contrast to the expectations, a few but measurable number of vesicles is 

able to capture a very high number of solutes, up to 60 times the external concentration. 

We also show preliminary evidences on the encapsulation of additional solutes (ribo-

peptidic complexes, fluorescent proteins and enzymes), and shortly present our current 

approach aimed at exploiting this phenomenon. In particular, we would like to reveal how 

the formation of compartments can trigger effective intra-vesicle reactions starting from 

diluted solutions. Although the mechanistic details for this phenomenon are still missing, 

we claim that these new evidences are highly relevant for the origin of the first functional 

cells in primitive times. 

Own contribution on the article:  

1) Preparation of Ribo-peptidic complexes. 

2) Performing some experiments, namely the ones described in the section “work in          

progress”.         
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4 Discussion 

4.1 Experimental approach to spontaneous self-organization of 
super-filled vesicles  

The experimental approach presented in this dissertation is part of a broad research 

program on the study of the Minimal Cell (Luisi and Varela,1990; Oberholzer et al., 1995; 

Luisi et al.,2002), the minimal cell-like structure displaying at least some living properties 

as self-maintenance and self-reproduction. The program was originally devised for Origin 

of Life studies (Luisi et al., 2006), but it has been recently recognized as a leading program 

also in Synthetic Biology* (De Lorenzo and Danchin, 2008). 

The minimal cell project included prebiotic, modern biochemical- and biophysical 

approaches. One of the most successful one is that one aimed at constructing “semi-

synthetic minimal cells” (Luisi et al., 2006) by entrapping modern biological molecules 

(DNA, RNA, ribosomes, enzymes, …) inside vesicles, in order to trigger some chemical 

and physical mechanisms such as basic metabolism, or lipid synthesis (and then vesicle 

growth). In the past, despite the success of several revealing studies on the reconstitution 

of biochemical transformations inside lipid vesicles (reviewed by Stano et al., 2011) not 

much attention has been given on biophysical aspects concerning the origin (the assembly) 

of primitive cells. In particular, the spontaneous assembly of primitive cells is taken for 

granted, probably because of the well-known fact that vesicles form spontaneously in 

solution. However, a primitive cell is not only made of a lipid shell. Primitive cells must 

contain, in their aqueous core and probably also in their membrane, those components that 

assure (bio)chemical functionality to the whole assembly. The additional evidence that it is 

possible to encapsulate molecules inside vesicles, just by letting lipids assemble in the 

presence of such molecules, gives the perception that the formation of a complex, multi-

component compartmentalized system is an easy task. Indeed, self-organization is a 

powerful route to primitive cells, but when one looks at the details, there are still some 

unanswered questions in the field. 

The goal of this research project is therefore the understanding of the mechanisms at the 

base of the origin of the first primitive cellular metabolism. Specifically, the question that 

                                                           
* It has been already remarked, in the first chapter, that the aim of this ever-growing research field is 
constructing cellular models with the minimal and sufficient number of compounds to be defined alive, namely 
it is supposed to be able to auto-maintaining (metabolism), auto-reproducing and evolving. It is important to 
clear up that the coexistence of all the three features in synthetic systems is difficult to obtain, and one can 
conceive approximations, e.g., make protocells able to auto-maintaining but not to evolving. Having this kind of 
simple and not completely efficient systems is an advantage from the bioethical perspective, because we do 
not incur to the risk to have an incontrollable cell-multiplication. 
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drew the work was if the membrane closure – during spontaneous vesicle formation – could 

have played a role on the emergence of a protocell capable of some rudimentary 

metabolism.  

Here it is useful to recall the two opposite scenarios one can imagine (see Figure 4.1): (1) 

elementary compounds are encapsulated inside vesicles and later develop more complex 

molecules, and eventually a sort of metabolism; (2) the route from simple molecules to 

metabolic network occurred outside vesicles, in free aqueous environment – in a “primitive 

lagoon” – and only later these molecules become encapsulated inside lipid vesicles. Both 

the scenarios have some limits and this issue deserves some thought. 

If a reaction network arose in solution, how could it then permeate through the double layer? 

It would imply a high sophistication of the membrane, and it is not reasonable when we talk 

about primitive conditions. Moreover, there is another considerable difficulty in conceiving 

the starting point in free solution, since all the molecules would be present in few copies 

and the probability that they come in mutual relation is low. The letter problem seems to be 

solved when we introduce to the picture a closed space, like the water pool of a lipid vesicle, 

in which several molecules could be close enough to interact each other and to give birth 

to reactions. However, how was it possible that all the molecules indispensable for a 

metabolism become encapsulated at the same time inside the same compartment?  

 

 

 

                

Figure 4.1 The two hypothetical alternatives for the origin of the first metabolism and the protocells, whereby 
the first proteins and enzymes (E1, E2, E3…) were constructed from free aminoacids (A1, A2, A3, A4…) inside 
a compartment (bottom), or first outside, then incorporated inside (top). (redrawn after Luisi, 2012). 
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The term self-organization simplifies the spontaneous set up of the matter into living 

systems; this process plays a key role in this study and in the whole origin of life vista. Our 

experimental approach has been designed to test the hypothesis of simultaneous and 

spontaneous co-entrapment of several molecules, in particular macromolecules, inside 

lipid vesicles. We formed liposomes by methods which let the lipids self-assemble 

spontaneously in vesicles, namely the thin film hydration method (on flask surface and on 

the surface of small glass beads) (Bangham et al., 1965) and the ethanol injection method 

(Batzri and Korn, 1973). Importantly, we did not use any treatment method which would 

reduce the heterogeneity of the liposome population or which can induce the passage of 

macromolecules through the lipid membrane. For example, we avoided to treat the vesicles 

by the freezing thawing technique, because the resulting offspring would be characterized 

by homogeneity in terms of solute content (Mayer et al., 1985). We did not extrude the 

vesicles after their formation for not subjecting  them to any physical stress, even if it has 

been suggested that the extrusion can be compared to the passage of vesicles through the 

rock pores in primitive times (Hanczyc et al., 2003; Russel, 2003).  

We have designed our successful experiments starting from diluted solutions of the 

molecule of interest (typically from 0.1 to 5 μM) in which the vesicles were formed 

spontaneously in situ and the given samples were observed by confocal microscope. In 

this simple way, the driving force of the experiment is nothing more than the force of the 

macromolecules to self-organize (Figure 4.2). 

 

 

 
 
Figure 4.2 Experimental model: spontaneous formation of liposomes in a diluted solution. What results from 
this method is the emergence of a family of vesicles, which can entrap a big number of macromolecules, 
overcoming the critical concentration and consequently starting a reaction that in a diluted solution cannot 
happen. 
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4.2 Critical threshold concentration  
It was already shown (Souza et al., 2009 and 2011) that the formation and the closure of 

liposomes in situ can act as a kind of “attractor” for the free solutes in the aqueous solution, 

giving a high local concentration. This marvel may overcome the problem of the low 

efficiency of a reaction when its reactants are diluted in solution. For example, given a 

certain enzyme concentration [E]0, a simple enzyme/substrate reaction proceeds slowly 

when the substrate concentration is below the Michaelis-Menten constant, Km. When the 

substrate concentration overcome Km, the reaction rate increases. Moreover, the reaction 

rate increases linearly with the enzyme concentration. Therefore, if partners of the reaction 

(enzyme and substrate) have a low concentration, the reaction proceeds sluggishly and it 

is not very efficient. However, if one of the two reactant, or both, can reach a high local 

concentration, the reaction rate increases significantly. A similar scenario can be imagined 

for the formation of complexes. We can speculate that during the formation of big 

complexes, like ribosomes, a sort of getting-together of primitive nucleic acids and proto-

proteins into the same compartment could have helped in the organization of these proto 

molecules into the first simple ribosomes. The dissociation constant Kd here plays a similar 

role of the Michaelis-Menten constant. A local concentration threshold must be overcome 

in order to obtain a high number of complexes otherwise the molecules stay separated and 

do not acquire the function that emerge when they combine each other. 

Our findings may suggest that lipid membrane formation might create a microenvironment 

able to favour complex formation and to facilitate the onset of a basic metabolism 

overcoming the problem of the dilution in the external (aqueous bulk) primitive environment. 

It was shown earlier in our laboratory that there is a mechanism during liposome formation 

that brings to the formation of super-crowded vesicles. This phenomenon has been clearly 

illustrated by using different probes like ferritin, ribosomes and proto-ribosomal complexes, 

together with the use of cryo-transmission electron microscope (Cryo-TEM) (Luisi et al. 

2010, de Souza et al., 2011; 2012). The current study confirms and extends these 

observations to the realm of micrometer-sized vesicles by using fluorescently-tagged 

macromolecules and laser-scanning confocal microscopy.  

With the present results, we first confirmed the presence of a sort of route that brings to the 

formation of cell-similar liposomes. Moreover, we have also studied dynamic (reactive) 

biochemical systems that become functioning only after self-concentration inside 

liposomes. After discovering that some liposomes can entrap enough solutes to reach a 

solute concentration value to go beyond the Km of an enzyme/substrate reaction (or beyond 

Kd for associations), we have also demonstrated that few, but always a significant number 

of liposomes can include inside their pool more than 80 different molecules in sufficient 

copies to drive a fluorescent protein synthesis. The success of this study is in the evidence 
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that the lipid self-organization in membrane may produce a favourable environment for 

chemical reactions and it could have had a great relevance in the origin of life scenarios.  

Our findings are indeed relevant if we consider the formation of the first polymers of life, 

like proteins or enzyme as well as nucleic acids, as diluted solutions in the warm lagoon. 

Under this diluted condition, as showed in this work, the fundamental reaction for life could 

not take place, but when all the components are in a closed space, the reaction can occur 

efficiently. 

From the statistical perspective, we have highlighted that the formation of such “special” 

solute-filled liposomes is not expected when standard distributions are considered. In fact, 

for the Gaussian or Poisson distributions the chance to obtain such type of phenomenon is 

close to zero. This means that special mechanisms, whose driving force can be entropic 

(like in the hydrophobic effect) might alter the physics of solute capture by vesicles, possibly 

bringing about solute-crowding in few vesicles, forming cell-like structures that in turn are 

well capable of efficient internal reactions.  
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4.3 Speculation on the possible over-crowded vesicles formation 
mechanism 

We do not know yet what mechanism drives this peculiar entrapment, but we have recorded 

such observations using several probes starting with fluorescent proteins and dextrans with 

different molecular weights, to observe then a simple enzymatic reaction between carbonic 

anhydrase (CA) and 6-carboxyfluorescein diacetate (CFDA) giving a membrane 

impermeable product, the carboxyfluorescein (CF). The most remarkable result was 

obtained when we extended the study on minimal TX-TL kits (PURE system and E. coli 

extracts from Promega) gaining the same outstanding effect: some liposomes could entrap 

all the TX-TL components. Therefore, it can be said that the observed phenomenon 

appears to be general (with respect to macromolecules of different nature, different method 

of preparation, different vesicle size), keeping constant the lipid structure and the 

temperature. It is necessary here to highlight the reproducibility of the experiments. If, on 

one hand, we have found only a small number of super-filled vesicles, generally ~0.1-1% 

in each sample, on the other hand we can say that this outcome is documented by different 

studies showing the existence of a mechanism that brings to those structures, and this 

mechanism is probably due to stochastic events relative to a small number of vesicles. 

We exclude that the effect might be a consequence of the electrostatic interaction between 

solute/lipids, we have chosen a zwitterionic lipid like POPC to reduce these forces. We also 

made negative controls to see if the macromolecules used could aggregate causing the 

shifting from the encapsulation of different molecules to the entrapment of a single large 

agglomerate, confirming the absence of aggregates. In particular, this last consideration 

has been sufficiently avoided thanks to the experiments performed with a minimal kit 

composed by 80 macromolecules, all needed for the protein synthesis. The fact that this 

super- concentration happens only in few vesicles suggests that it is not due to the 

hypothesis mentioned above, otherwise the vesicles would form all at the same way and 

the sample would be formed by vesicles containing a similar number of solute molecules.  

In the same sample, there is the co-occurrence of “super-filled” vesicle and “empty” 

vesicles, so we have proposed a model in which empty vesicle are formed as consequence  

of the fast closure of the open bilayer disc or surface (Lasic, 1988) into a spherical 

compartment, this rate is considered close to ~1 ms-1 (Hernàndez-Zapata et al., 2009). The 

formation of a super-filled liposome may be triggered by a slow lipid disc closure 

mechanism thanks to temporary interaction between some solute molecules and the lipid 

disc before the vesicle closure. This establishes a cooperative mechanism that let a slow 

vesicle closure, and a consequent solute incoming and formation of a super-crowed 

liposome. 
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The possible two mechanisms behind the heterogeneity of the vesicles is displayed in 

Figure 4.3.  

 

 

 
 
Figure 4.3 A hypothesis about the mechanism, based on kinetic bilayer closure, for the formation of empty and 
solute-filled vesicles. Starting from an open bilayer (discs—open surface in three dimensions) there may be 
two different mechanisms that are represented by unstable intermediate structures derived from lipid self- 
assembly. These bilayer surfaces, after reaching a sufficient size, can close on themselves and form vesicles 
(Lasic 1988). We assume that the fast closure of the discs/surfaces brings about empty vesicles, and this is the 
dominant process within the vesicle population. In contrast, possibly caused by stochastic and non-specific 
solute-bilayer interaction (which transiently ‘‘stabilizes’’ the disc/surface), a slow closure rate could allow further 
molecules to be entrapped. (Redrawn after Souza et al., 2011) 
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4.4 Why is macromolecular crowding important?  

Natural cells are characterized by high total concentration of molecules in their interiors, 

such media are called “crowded” rather than “concentrated” because no single 

macromolecular species occurs at high concentration but, taken together, the 

macromolecules occupy a significant portion (typically between 10% and 40%) of the total 

volume (Fulton, 1982; Record et al., 1998; Ellis, 2001). Consequentially in nature most 

macromolecular reactions are carried out in crowded environment developed by the cell 

itself and that crowding can alter the reactivity of individual macromolecules (quantitatively 

and qualitatively).  

The fact that the cell shows this feature would be a sufficient motivation to investigate 

deeply this phenomenon also making synthetic models. Nevertheless, macromolecular 

properties are generally studied in dilute solution, in which the total macromolecular 

concentration is around 1-10 g l-1 and those values are very far from the actual 

concentration in vivo, considering, for example, that the total concentration of proteins and 

RNA inside a cell of Escherichia coli is circa 300-400 g l-1 (Zimmerman and Minton, 1991). 

Biological macromolecules have developed and evolved in such crowded environment, so 

there might be an advantage in this kind of structure.  

The macromolecular crowding has chemical consequences, for example the 

macromolecular compaction and association (Minton 2000; 2001; Ellis 2001) that are 

phenomena which lead to a decrease in excluded volume. Obviously, the crowding will 

affect the association of macromolecules that have tendency to associate, it will not create 

this tendency de novo (Rivas et al, 2004). 

It has been seen that this phenomenon has effects for genome structure and function 

because it influences the structural organization of DNA and the interaction between DNA 

and proteins (Zimmerman, 1993; Zimmerman and Murphy, 1996). From the Origin of life 

viewpoint, particularly the origin of the first oligomers, it is also remarkable the study 

showing that enzymes could synthetize polypeptides when they are under crowded 

condition, in contrast to their tendency to catalyse peptide hydrolysis in dilute solution 

(Somalinga and Roy, 2002).  

So crowding can dramatically influence biochemical kinetics by volume exclusion effects 

that reduce diffusion rates and enhance binding rate of macromolecules, and recently has 

been demonstrated that it increases the robustness of gene expression through integrating 

synthetic cellular components of biological circuits and artificial cellular nanosysthems (Tan 

et al, 2013). 

The finding that there is a phenomenon that lets few vesicles incorporate spontaneously a 

big number of macromolecules can help in different ways, for example, once we know the 

mechanism that leads to this kind of vesicles it will be possible develop a vesicle formation 
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method in order to maximize the formation of this particular crowded vesicles. It will be 

useful for applications that use realistic cell-models in biochemistry, biophysics and cell 

biology. 

Regarding the origin of life, we could investigate whether the crowding phenomenon might 

have facilitated the establishment of a prebiotic metabolism, not only because all the 

components of such metabolism are in the same vesicle, but also because it could help in 

the binding between macromolecules. 

 

4.5 Contribution of this study  

In this PhD thesis, we report some new evidences contributing to the ongoing study of the 

origin of protocells, in particular addressing the question on how multiple macromolecular 

solutes could be captured within a lipid vesicle and later give rise to proto-metabolism. We 

have documented the spontaneous formation of few vesicles (within a population), which 

could entrap a huge number of different macromolecules in their water pool against the 

statistical prediction. We have seen indeed the formation of a heterogeneous family of 

vesicles, the majority were empty and few of them were super filled, showing an “all-or-

nothing” trend (Luisi, 2012). 

In some cases we obtained vesicles with a crowding index similar to biological cells, and 

this is a remarkable observation, since it is known that in these conditions the molecular 

reactivity is enhanced (Zhou et al., 2008) because the volume of water molecules is 

reduced to give space to the solutes. This discovery imposes a revision of current 

knowledge on the emergence of protocells in primitive (diluted) solutions. In particular, the 

problem of the needed high local concentration of reactants inside protocells and the 

problem of few molecules in solution seem to be alleviated in great extent thanks to these 

new self-organization pathways. In fact, the vesicle closure mechanism could have played 

an unexpected key role in the origin of life. We can say that the lipid membrane does not 

work only as a protective shell, but it had an active part in the origin of the first living entities. 

The vesicle lumen becomes, then, thanks to this high local concentration, a favourable 

microenvironment suitable for the chemical and biological reactions.  

In this study is shown how the components of a simple enzymatic reaction first, and an 

entire set of molecules for protein formation then, can be incorporated so efficiently in some 

liposomes. In this way, it was possible to reach a critical concentration in order to start and 

to carry out the reaction, which could work more efficiently in the closed compartments than 

in the bulk solution. We think that this experimental model address the question of the origin 

of prebiotic metabolism, bypassing the problem of the limited permeability of the 

membranes and the problem to reach a given solute concentration.  



87 
 

Simple and complex molecular systems (from individual enzymes to transcription-

translation kits) share the similar pattern, favouring the crowding of these structural units 

inside vesicles. 

 
4.6 Open questions and perspective 
 
Our investigation on the “super-crowded vesicles” is still in progress despite the new 

discoveries here discussed, in fact, there are several gaps to fill and most of them are linked 

to the mechanistic details of these new brand structures formation.  

If this topic is attracting from the perspective of the origin of life, we have also to say that it 

could have relevance in biotechnology, in the applications based on liposomes as drug 

delivery systems or in future technologies centred on synthetic cells that need a high 

reaction efficiency. Once understood the forces that let this phenomenon happen, we can 

try to develop standard liposomes preparation methods in order to make a large number of 

super-filled vesicles. For this purpose it would be necessary extend the study to different 

kind of molecules starting from the membrane compounds, we could use other lipids to 

have a panoramic view on the role played by the chemical structures on the self-filling 

mechanism displayed by some vesicles. Furthermore, for primitive chemistry it is significant 

study the particular case of fatty acids-vesicles, the fatty acids are indeed considered the 

building blocks of the primordial membranes and see if we can obtain the same results 

achieved with phospholipids can support our theory on the role of the membrane in the 

earliest stages of life.  

Even if a wide variety of probes have been used in this project and in the preliminary ones, 

it would be indispensable extend it to further molecules in order to see if, for example, the 

same principle works also with low-molecular weight to arrive to larger molecules like 

nucleic acids. Can the length of the molecules affect the result? To answer to this question 

we have already started experiments involving polyethylene glycols (PEGs) with very 

different molecular weights, these tries will be amplified using DNA and RNA. 

At the end, the most attractive model would be the formation of fatty acids vesicles in a 

diluted solution of nucleic acids, preliminary data have shown that the atypical 

concentration can be observed also in this case (manuscript in preparation). 

Previous studies were focused on nm-sized vesicles and also the present ones are 

relatively small vesicles (ca.1-2 μm), can we see the crowding effect also inside giant 

vesicles (GVs)? 
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5 Summary 
One  of  the  most  ambitious  goals  of  synthetic  biology  is  to  construct,  following  a  

bottom-up approach,  cell-like  systems  of  minimal  complexity  for  understanding  

fundamental  aspects  of biology – as the origin of life problem, for example – and for 

potential application in biotechnology. The experimental approaches to the construction 

of minimal cells play a key role in understanding how primitive cells originated from 

inanimate matter. The scientific community agrees that in primitive time the inorganic 

matter underwent a kind of slow and spontaneous “chemical evolution” that, powered by 

self-organization, lead to the formation of the first cells. From those very simple and 

rudimentary structures, all living organisms resulted after billions of years of evolution. 

In our research group, we focus on understanding how primitive cells originated from 

non-living components (single molecules) by combining liposome technology and 

biomolecular systems. This will generate knowledge for the minimal cell project and, at 

the same time, will allow us discovering possible routes that lead, more than 3.5 billions 

years ago, to cellular systems. 

In this particular project, we have investigated the origin of primitive metabolism-

supporting cells via the construction of experimental models. We think that the lipid 

membrane played an essential role for setting up systems with realistic metabolic 

potentiality at the very early stage. By a careful study of lipid vesicle populations, 

prepared in the presence of several types of solutes (proteins, nucleic acids), we have 

reported the coexistence of empty and super-filled lipid vesicles. The large number of 

experiments and the many different tested conditions strongly suggest that our 

observations are general and correspond to a spontaneous pathway for concentrating 

solute molecules inside (a small number of) vesicles. The lipid shell, then, has not any 

longer the single function of protection, but it plays an active role recruiting molecules 

in the vesicle lumen, so that critical concentration thresholds to trigger biochemical 

reactions in a microenvironment are easily reached. We could show that a simple 

enzymatic reaction is facilitated inside a liposome water pool as opposed to bulk or 

other vesicles. We have also conducted experiments by forming liposomes in a 

diluted solution of a protein synthesis minimal kit. We have observed that the reaction 

did not work efficiently in bulk due to the macromolecules’ dilution; however, a certain 

number of liposomes could efficiently entrap all 80 macromolecules needed for the desired 

reaction in a sufficient number of copies. 

Our results indicate that unsolved problems in origin of life scenarios, like the issue of 

low solute concentration and the low membrane permeability, could have been solved by 

the reported spontaneous entrapment and self-concentration of molecules in cell-like 

particles. 
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Zusammenfassung 

Eins der ambitioniertesten Ziele der synthetischen Biologie ist es, mittels eines Bottom Up-

Ansatzes zelluläre Strukturen  minimaler Komplexität zu erzeugen, um grundlegende 

Aspekte der Biologie – wie zum Beispiel die Frage nach dem Ursprung des Lebens – zu 

erforschen oder potentielle Anwendungen in der Biotechnologie zu entwickeln. 

Die experimentelle Annäherung an die Konstruktion dieser Minimal-Zellen spielt eine 

zentrale Rolle für das Verständnis der Bildung ursprünglicher Zellen aus unbelebter 

Materie. Die wissenschaftliche Gemeinschaft ist sich einig, dass anorganische Materie in 

der Frühzeit der Erdgeschichte eine Art langsamer  und spontaner „chemischer  Evolution“  

durchlief, die – von Selbstorganisation angetrieben – zur Bildung der ersten Zellen geführt 

hat. Ausgehend von diesen einfachen und rudimentären Strukturen haben sich über 

Milliarden von Jahren der Evolution alle lebenden Organismen entwickelt. 

Unsere Arbeitsgruppe befasst sich mit dem Verständnis primitiver Zellen aus unbelebter 

Materie (Einzelmolekülen) auf Basis einer Kombination von liposomaler Technologie und 

biomolekularen Systemen. Auf diese Weise lassen sich nicht nur Erkenntnisse für das 

minimal-cell-Projekt gewinnen, gleichzeitig erlaubt dieser Ansatz die Entdeckung möglicher 

Wege, die vor über 3.5 Milliarden Jahren zur Bildung zellulärer Systeme geführt haben 

könnten. 

Im Rahmen des vorliegenden Projektes haben wir den Ursprung primitiver 

metabolisierender Zellen über die Konstruktion experimenteller Modelle untersucht. Wir 

denken, dass Lipid-Membranen eine entscheidende Rolle dafür gespielt haben, dass 

bereits in einer frühen Phase Systeme mit nachweisbaren metabolischen Fähigkeiten 

ausgebildet wurden. Durch intensive Studien an Lipid-Vesikel-Populationen, die in 

Gegenwart verschiedener Grundbausteine (Proteine, Nukleinsäuren) gebildet wurden, 

konnten wir zeigen, dass leere und über-volle Vesikel nebeneinander existieren. Die 

Vielzahl an Experimenten unter verschiedenen Testbedingungen legen nahe, dass unsere 

Beobachtungen allgemein gültig sind und einen Weg aufzeigen, der die spontane 

Konzentration gelöster Moleküle innerhalb von (wenigen) Vesikeln ermöglicht. Die Lipid-

Hülle erfüllt damit nicht länger nur eine Schutzfunktion, sie trägt aktiv dazu bei, Moleküle 

im Vesikelinnenraum anzusammeln, so dass kritische Grenzkonzentrationen für den Start 

biochemischer Reaktionen innerhalb dieser Mikro-Umgebung erreicht werden können. Wir 

konnten zeigen, dass eine einfache enzymatische Reaktion in einer Liposom-Wasser-

Dispersion im Vergleich zu einfachen Lösungen oder verschiedenen anderen Vesikeln 

verbessert abläuft. Weiterhin haben wir Experimente durchgeführt, in denen wir Liposomen 

mit einem „minimal kit“ zur Proteinsynthese in verdünnter Lösung versetzt haben. Dort 
konnten wir beobachten, dass die Reaktion in Lösung aufgrund der hohen Verdünnung der 

beteiligten Makromoleküle nicht gelang, während eine bestimmte Anzahl von Liposomen 
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in der Lage war, alle 80 für die gewünschte Reaktion benötigen Makromoleküle in 

ausreichender Anzahl einzuschließen, obwohl die Zufallsstatistik entschieden dagegen 

spricht.  

Unsere Ergebnisse zeigen, dass bisher ungelöste Probleme der Forschung zum Ursprung 

des Lebens, wie zum Beispiel die geringe Konzentration benötigter Bausteine in Lösung 

oder die geringe Permeabilität von Membranen, durch die vorliegenden Ergebnisse zu 

spontanem Einschluss und dadurch  erhöhter Konzentration  von Molekülen  in  

zellähnlichen  Partikeln beantwortet werden können. 
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7 Abbreviations 
 

 

A               Amino acid  

C.a.c .       Critical aggregation concentration 

CA            Carbonic anhydrase 

CF            Carboxyfluorescein 

CFDA        6-Carboxyfluorescein diacetate 

E               Enzyme 

GFP          Green fluorescent protein 

GV            Giant vesicles 

Kd             Dissociation constant 

Km            Michaelis-Menten constant 

LUCA        Last Universal Common Ancestor 

PEG          Polyethylene glycols 

POPC       1- palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine 

Rib 1         Ribozime 1 

Rib 2         Ribozime 2 

SSMC       Semi-Synthetic Minimal Cell 

TX-TL       Transcription-translation 
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