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Chapter 1 

Complex Chemical Systems: Bridging Chemistry and 

Biology
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1.1. Introduction 

This introductory chapter will describe the most relevant steps towards the understanding of 

how life could have emerged from inanimate matter. The approach to this fascinating topic is 

not easy because scientists struggle even in the definition of life itself, and in determining what 

is essential to be able to characterize a system as “living”.1 It would be an enormous 

achievement if we were able to synthesize a system that can be defined as such, because it 

would provide information on how complexification of the matter could give rise to 

unexpected properties (life above all). In spite of the ongoing debate on how to define living 

entities, there is a mostly shared view on some characteristics a system should incorporate in 

order to be considered living. Self-assembly and self-replication processes are two of those 

essential features of life, and these therefore will probably have occurred at the very early 

stages of complexification of available materials on the early Earth: these features could have 

then coupled with some metabolic process and separated from the environment by a 

membrane to give rise to the first protocells. 

Historically, the debate on the origin of life was first focused on a replication first/metabolism 

first controversy, recently highlighted by Orgel and Shapiro.2 Other theories have been 

proposed and include the hypothesis of an RNA-world, since RNA can archive genetic 

information (like DNA), translate information stored by DNA and catalyze biochemical 

reactions (ribozymes).3 However, since Life can be considered an emergent property of matter, 

it becomes necessary to overcome the classical replication-first/metabolism-first controversies 

and study the origin-of-life topic with a systemic view on the way experiments are designed:4 

this includes a bottom-up approach from simple molecules towards complex systems. 

Furthermore, the development of complex systems showing properties related to living entities 

can be aimed to the creation of life de-novo. 

In this chapter, we introduce Dynamic Combinatorial Chemistry (DCC) as a promising tool for 

the development of increasingly complex networks, and introduce our system based on 

peptide building blocks where the emergence of self-replicators can be observed from a pool of 

interconverting products. We will also show how emerging functions can arise from systems 

made of self-assembled supramolecular polymers, therefore enhancing the importance of these 

building blocks in the development of increasingly complex networks. 
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1.2. What is Life and how to synthesize it 

1.2.1. Characterization of the main features of Life  

The transition from inanimate to animate matter, that is, the emergence of life, required the 

assembly of increasingly complex molecules that were subsequently able to diversify and 

evolve through metabolic and self-replicating pathways. Iconic experiments on the origin of 

life were carried out by Miller in 19535 in order to prove the formation of amino acids was 

possible in a reducing atmosphere, therefore validating the theory of the “primordial soup” 

developed by Oparin decades earlier.6 Many successive attempts have been reported in order 

to show how essential components for life, like lipids, amino acids, peptides, could have been 

synthesized in prebiotic conditions.7  

In his attempt to describe the “special organizational manner” of chemical reactions that gave 

rise to networks showing emerging properties, Ganti introduced the chemotons, chemical 

supersystems that bear the basic properties of living systems.8 The chemotons are subdivided 

into three subsystems, each of them being autocatalytic: 1) a metabolism, as a cyclic reaction 

network capable of maintaining the system away from thermodynamic equilibrium and 

converting resources from the environment into its own constituents as well as building blocks 

for the other two subsystems; 2) a self-replicating polymer, able to carry information and 

propagate it to the progeny through a template mechanism; 3) a membrane, or any other 

assembly capable of separating the system from the environment and make it a discrete entity. 

The three subsystems are linked by the production of genetic material and the membrane by 

the cyclic autocatalytic network: therefore, the subsystems can only work in symbiosis. 

Experimentally, the incorporation of these three features in a fully synthetic system is a great 

challenge, since it requires the synergetic and complementary work of many molecules, all 

exhibiting fundamental functions in far-from-equilibrium conditions, and it has not been 

achieved yet. Nevertheless, progress has been made by the development of systems 

incorporating two of the three essential components to life, making use of a new, systemic 

approach to this research topic. Some of those will be described in the next subchapters. 
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1.3. Systems Chemistry 

In Nature, even the simplest living systems known are able to undergo complex metabolic 

pathways that require the simultaneous work of many chemical processes. To synthesize a 

system that can be defined as living, a change in the way experiments are designed becomes of 

fundamental importance, in order to achieve the degree of complexity required for such 

systems. A promising approach to the creation of a protocell (an entity that incorporates self-

replicating and metabolic molecules within a compartment) consists in the building of systems 

where relatively simple molecules co-evolve towards greater complexity, rather than pursuing 

classical synthetic approaches to a particular class of biomolecules (nucleic acids, lipids, 

sugars) that has then to be incorporated with other relatively complex (and sometimes not 

compatible) ones. 

This new approach has found its roots in the emergent field of “Systems Chemistry”, defined, 

among others, as “a conjunction of supramolecular and prebiotic chemistry with theoretical 

biology and complex systems research addressing problems relating to the origins and 

synthesis of life”.9 Systems chemistry represents the joint effort of different areas of chemistry; 

it is furthermore related to Systems Biology and Synthetic Biology, as a bridge between 

biological models and synthetic constructs developed by those two fields.4 

An interesting finding on the common origins of biologically relevant molecules was published 

by Sutherland and coworkers in 2015.10 Hydrogen cyanide and some of its derivates were found 

to be the common building blocks for a large variety of ribonucleotide, amino-acid and lipid 

precursors, through key steps like 1) reductive homologation of HCN to afford  precursors of 

glycine, alanine, serine and threosine; 2) reduction of dihydroxyacetone to obtain precursors of 

valine and leucine; 3) copper(I)-catalysed cross-coupling of hydrogen cyanide and acetylene to 

yield acrylonitrile; 4) copper(II)-driven oxidative cross-coupling of HCN and acetylene to give 

cyanoacetylene. The results, although important, were obtained via different synthetic 

procedures and in some cases the yields are modest. However, this represents a valid 

demonstration of how complexification of simple chemical entities may have led to the 

emergence of biologically relevant molecules. In other words, diatribes on “metabolism first” 

or “gene first” scenario, that have monopolized the origin-of-life debate for quite some time, 

become no longer important, since all the components to the first living systems could have 

arisen simultaneously from a common pool of simple building blocks.4 

Since the implementation of increasingly complex systems represents a remarkably 

challenging task, the development of networks consisting of two out of the three main features 
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of life has been reported in a top-down approach, and RNA and derivatives are extensively 

used to insert metabolic and templating functions in the systems. In the following subsections 

we will describe some of those. 

1.3.1. Systems incorporating a membrane/metabolism construct 

The polymerization of biologically relevant molecules such as nucleic acids and proteins in 

compartments without aid from enzymes has been widely studied in the past 15 years, since 

they constitute the building blocks for DNA and RNA.11 Liposomes have been used by Luisi and 

coworkers to achieve DNA and RNA amplification catalized by PCR (polymerase chain 

reaction) and Qβ replicase, respectively.12 The same group also achieved the 

compartmentalized ribosome-catalyzed synthesis of poly(Phe).13 They incorporated the 

ribosomal complex and other molecules (ATP, GTP, phosphoenolpyruvate among others) to 

achieve protein expression in 1-palmitoyl-2-oleoyl-sn-3-phosphocholine (POPC) liposomes, 

and observed the synthesis of poly(Phe). As a control, they did not observe a significant 

production of polypeptide when the ribosomal units were not incorporated in the system. 

Deamer and colleagues showed that RNA-like molecules can be synthesized through 

condensation reactions in membranous compartments without aid from enzymes.14a Following 

their previous work,14b they investigated the synthesis of RNA-like molecules in lipid matrices 

at elevated temperature ranges in fluctuating environments in order to simulate hydrothermal 

springs that are considered as plausible conditions on the prebiotic Earth. The drying and 

wetting cycles they were subjecting the system to were also producing a chemical potential 

that is able to promote ester bond formation, and corroborates the production of RNA-like 

polymers inside the compartments (Figure 1.1). Both research groups were also reporting on 

the enzyme-free compartmentalized production of oligopeptides, like thioglutamic acid15 and 

the polycondensation of NCA-amino acids.16 

Among the different theories about the origin of life, the role of iron sulfide minerals that 

originated in deep-sea volcanoes has also been discussed, and referred to as “Iron-Sulfur 

World”.17 This theory is quite remarkable since it could explain how Fe/S proteins could have 

been included in our metabolic pathways. Following these guidelines, some systems showing 

catalytically active minerals encapsulated in compartments have been reported. The group led 

by Parmon has published a system where the size of CdS nanoparticles, grown in the cavities of 

lecithin vesicles, is dramatically modified by the presence of Cd2+ chelating agents.18 The 

photochemistry of CdS was under investigation as well. Irradiation of the system led to the 

reduction of the reversible electron acceptor C16V
2+, embedded in the membrane, and showed 
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that the quantum yield of the formation of C16V
.+ was influenced by the topology of the 

vesicular system, the localization of CdS nanoparticles on the lipid membrane and the area of 

the CdS-membrane contact. This mechanism could therefore mimic a proto-metabolism 

encapsulated in a membrane. 

 

 

Figure 1.1. (a) Lipid structures after seven drying/wetting cycles visualized by phase microscopy; (b) A mixture of 

the four nucleotides with phosphatidic acid (POPA) in 4:1 ratio resulted in the detection of ionic blockades, 

demonstrating the production of RNA-like molecules. Figure adapted from ref. 14a. 

 

A more recent example on a system that might show iron-sulfur based metabolism was 

reported in 2011.19 Here the vesicles are composed of block co-polymers and the iron sulfide is 

being precipitated within the vesicles from an iron pyrazine dicarboxylic acid complex. The 

researchers claim the feasibility of this model to undergo a chemo-autotropic origin-of-life 

process in the presence of FeS (with the intravesicular reaction ��� � ��� → ���� � ��), but 

evidence has not been published yet. 

1.3.2. Systems incorporating a membrane/replication construct 

Nucleic-acids are widely used for the construction of systems where self-replication is observed 

within prebiotically plausible compartments.20 One of the first examples of such systems was 

published in the mid-1990s by Pier Luigi Luisi and coworkers.21 Revisiting Oparin’s reactions 

towards the construction of primitive cells,22 they successfully entrapped PNAase in oleate 

vesicles and observed the synthesis of poly(A) from ADP within the boundaries. They also 

observed the formation of new vesicles, although they were not able to confirm the presence of 

genetic material in the new compartments, nor determine whether the vesicles division was 

promoted by the polymerization of ADP. 

The group of prof. Yarus has pioneered the study of systems containing phospholipid vesicles 

and nucleic acids as RNA and DNA.23 To demonstrate that RNA was important for membrane 

functions, they first selected RNA molecules that showed high affinity towards phospholipid 



 
7 Complex Chemical Systems: Bridging Chemistry and Biology 

liposomes through a classical selection-amplification process (Figure 1.2).23b They found that 

the binding of RNA could increase the permeability of liposomes, and that specific sequences 

and conformers are essential to the membrane activity. Following work was aimed to check the 

effect of cations, in order to mimic the composition of cells.23a After selecting the RNA 

sequences that were most affine to the liposomes, they subjected the system to buffers 

containing Ca2+ (7mM), Mg2+ (7mM) and Na+ (10mM). The binding of RNA to the liposome, 

which is 49% in optimal conditions, was found to increase by 64% with calcium, 35% with 

magnesium and 30% with sodium. Therefore the cations support the binding, although the 

effect of Ca2+ is stronger. However, the salt effect was not tested with other significant 

concentrations of calcium and magnesium, whereas the binding of RNA was dropping to 30% 

when 150mM Na+ was used. A surprising finding within the same investigation was that the 

binding of RNAs to liposomes was more efficient when a mixture of them was being used: the 

selection was therefore done by RNA associations. 

 

Figure 1.2. RNAs with randomized sequences were incubated with liposomes and subjected to many selection 

cycles. a) Initial randomized RNAs (black) showed very poor affinity for liposomes (white), with only 0.03% 

migrating with the liposome peak; b) after 11 cycles, 35% of RNA starts comigrating; c) the RNA tested without 

liposomes eluted in a single peak, and it is indistinguishable from the initial random RNA. 

 

An interesting demonstration of the utility of encapsulation of self-replicating material 

towards Darwinian evolution was provided by Szostak and coworkers.24a They observed that 

the growth of swollen protocells (containing tRNA) was overcoming those which were 

isotonic. Their approach to the construction of compartments consisted in the use of fatty 

acids, able to assemble in vesicles and form strong membranes under high osmotic stress (4 

atm). The osmotically swollen oleate vesicles containing RNA and DNA (130 mg/mL, 

comparable to that of Escherichia coli) were found to grow at the expenses of isotonic ones. 

The growth advantage determined by RNA replicating within the vesicles is believed to create 

an internal osmotic pressure that could eventually lead to cell division, therefore mimic 

essential biological functions. Few years later, the same group demonstrated division of oleate 

vesicles was possible under the application of mild shear forces.24b With a similar procedure as 

the one developed by Chungcharoenwattana and Ueno,25 the vesicles were allowed to grow 
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after the addition of 5 equivalents of oleate micelles, modifying their shape from spherical to 

thread-like ones (Figure 1.3a). The solution was then transferred to a single-depression glass 

slide and subjected to puffs of air: the thread-like vesicles were dividing in spherical ones 

(Figure 1.3b-f). The contents of the vesicles (fluorescent dye, as well as RNA strands) were 

successfully retained by the compartments. To explore the multiphase coexistence of fatty 

acids between monomers, micelles and vesicles, the same group performed a detailed study 

using Laurdan (6-dodecanoyl-2-dimethylaminonaphthalene), a fluorescent fatty acid analogue 

able to differentiate between micelles and vesicles.24c The researchers found that at a given 

temperature and pressure, two main factors control the assembly. The first is pH, controlling 

the ionization of the headgroups, whereas the concentration regulates entropically the size of 

the assemblies. 

 

Figure 1.3. (a) Schematic representation of growth and division of vesicles through the addition of oleate micelles; 

Epifluorescence measurements showed the vesicles after the addition of the micelles after (b) 3; (c) 10; (d) 25 

minutes; (e,f) The application of a mild shear-force resulted in the formation of more of the vesicles. Figure adapted 

from ref. 24b. 

 

Although the examples provided already show a complex behavior, there is still lack of a 

system where the fixation of protocells is due to an internal mechanism of self-reproduction, 

where variation of the genetic material could lead to evolutionary pathways. A relevant report, 

where DNA interacts with giant vesicles and influences their morphology, was published in 

2011 by Sugawara and coworkers.26 The amplification of DNA was achieved within the vesicles 

containing DNA polymerase and an amphiphilic acidic catalyst. Then, upon the addition of a 

membrane precursor, DNA is encapsulated and another vesicles is being formed upon division. 

The role of the amplified DNA in the division of the giant vesicle is quite relevant, since 

control experiments performed in the absence of the genetic material revealed a reduced rate 

of division. Therefore, coupling of the amplification of DNA and self-reproduction of 

compartments is being achieved, although the composition of the membranes changes with 
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increasing self-reproduction cycles, causing a decrease in phospholipid and an increase in the 

level of cationic artificial membrane molecules. 

1.3.3. Systems incorporating a metabolism/replication construct 

RNA is not only involved in the coding, regulation and expression of genes, but can also work 

as a catalyst, therefore promoting the formation of other molecular entities. Ribozymes, for 

example, possess catalytic activity and take part in many essential biological processes.27 Their 

discovery in 198228 contributed to the development of the RNA-world hypothesis where both 

self-replication and metabolism events could take place. Surprisingly, there are not so many 

examples on experimental approaches towards the combination of these two features with 

RNA. However, Morii’s group reported a few examples where ribonucleopeptide complexes 

could bind ATP or phosphotyrosine.29 They reasoned that RNA-protein complexes could be 

efficiently employed as enzymes. Following a structure-based design approach and in vitro 

selection methods, they selected a RNP (ribonucleopeptide) from a pool of randomized RNA 

sequences that could bind ATP.29b The complex was found to bind small sugar derivatives as 

well. In another study the researcher also selected a RNP that was able to bind a tetra-amino-

acid motif containing tyrosine.29c The target was chosen considering that the phosphorylation 

of tyrosine with specific amino-acid sequences is found in many proteins that mediate signal 

transduction pathways. The ribonucleopeptide was selected from a library of RNA-containing 

RNPs after twelve cycles of selection and amplification, and the phosphate groups and the 

aromatic ring of the phosphorylated tyrosine proved to be key factors for the selective binding. 

These examples therefore show that both template and metabolism characteristics can be 

detected in RNA. However, such features have not been included in compartments. 

Furthermore, no experimental work has shown yet the inclusion of self-replication and 

metabolism in simpler, prebiotically plausible molecules: this represents one of the current 

challenges in the quest for bottom-up approaches on the transition from inanimate to animate 

matter. 
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1.4. Dynamic Combinatorial Chemistry 

Scaling up the complexity of a system in order to discover emergent properties requires the 

development of networks able to give rise to a large number of products, in order to increase 

the chances to observe novel features. Furthermore, the characterization of such systems 

requires appropriate analytical techniques. This requirement could be satisfied by building 

blocks that are able to reversibly react with each other. That is why recently a new field of 

chemistry started to be investigated, called Dynamic Combinatorial Chemistry (DCC).30 It 

represents a promising approach to the development of increasingly complex systems, since 

the combinatorial approach coupled to the continuous interconversion of the building blocks 

makes it easy to build relatively complex networks (an example with thousands of components 

has been reported in 200831). A Dynamic Combinatorial Library (DCL) is made up of one or 

more building blocks that form a combinatorial set of products through reversible chemical 

bonds. The most popular exchange reactions used to construct DCLs are given in Scheme 1.1. 

The distribution of the products is most often governed by thermodynamics and sometimes by 

kinetics: in this thesis only the latter examples will be reported. For reviews on DCLs see 

reference 30. 

 

Scheme 1.1. Summary of the most used reversible reactions in Dynamic Combinatorial Libraries. (a) disulfide 

exchange; (b) thioacetal exchange; (c) transamination; (d) acyl hydrazone exchange. 

Among the examples reported, disulfide exchange is one of the most widely used reactions in 

DCC. In presence of a base (pH around 8), thiol-containing building blocks oxidize in the 

presence of air to yield disulfides. At basic pH, disulfides can exchange and give rise to a 

combinatorial set of products (Scheme 1.2). Once the library is fully oxidized, the exchange 

cannot take place anymore and the library is in a “frozen” composition state. To make it 

dynamic again, it is necessary to introduce more of the thiols (therefore thiolate anions) to the 

solution, or to reduce the disulfides into thiols again by reducing agents as DTT or TCEP. 
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Scheme 1.2. Mechanism of disulfide formation upon oxidation of thiols (above) and disulfide exchange in presence 

of thiolate anions (below). 

 

1.4.1. DCC and Self-Replication 

The ability of self-replicating molecules to make copies of themselves makes them an essential 

component in the quest for synthetic living systems and suggests that such molecules may 

have played an important role in the origin of life.32 Considering a pool of different products, 

only the ones able to promote their own formation become persistent and may eventually 

grow in complexity and acquire new functions. The discovery of self-replicators in DCLs has 

therefore become increasingly relevant during the past decade. In nearly all reports on self-

replicating molecules these are obtained as dimeric species produced from the reaction 

between two precursor molecules (A and B) with one reactive group each, templated by the 

product T (Scheme 1.3). This mechanism often shows a poor replication efficiency as the 

complex T-T normally does not readily dissociate. We will describe some relevant examples of 

self-replicating molecules arising from dynamic combinatorial libraries with such mechanism. 

 

Scheme 1.3. General model of a simple self-replication cycle. A and B form a complex with the product T, leading to 

the formation of the dimer T-T. Then, upon dissociation, the two templates T become available for another cycle. 

 

In the past years, dynamic combinatorial chemistry has proven to be a promising tool for the 

emergence of self-replicating species from opportunely designed building blocks. The first 

example of a replicator emerging from a DCL has been reported by Sadownik and Philp in 

2008.33 The library is composed of two aldehydes, one of which bears an amidopyridine group 

that is essential to the emergence of the self-replicator (representing the “recognition site”), a 

fluoro-aniline and a hydroxylamine. At the equilibrium, the library is made of two imines and 
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two nitrones. The cycloaddition of the two nitrones with a maleimide added to the library will 

give two pairs of diastereoisomers. Only one of the four adducts will be amplified since it is the 

only species capable of catalyzing its own formation due to the trans-configuration of the 

amidopyridine group that exerts a templating effect (Figure 1.4a). To confirm the trans-adduct 

of the nitrone and the maleimide was a replicating species, a small amount of template (a 

“seed”) was added to the library, and the experiment was followed by 1H and 19F NMR (Figure 

1.4d). After 16 hours, the final conversion to the self-replicator was 88%, surpassing the 

concentration of the same species when no seed is added (almost 80%). The control 

experiment with the inactive maleimide did not show a significative amount of replicator 

within the same timeframe (Figure 1.4a). 

 

Figure 1.4. (a) The DCL made of two aldehydes, one fluoro-aniline and a hydroxylamine forms two nitrones and 

two imines in a reversible fashion. The addition of a maleimide results in the cycloaddition of the nitrones with the 

maleimide itself to give rise to two sets of diastomeres, of which only one will show self-replication; (b-d) Study of 

the effect of template addition to the library results in the further amplification of the self-replicaton trans-7b. 

Figure adapted from ref. 33. 
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Another example of replication based on imine formation has been reported by Giuseppone 

and coworkers in 2009.34 They set up a dynamic combinatorial library made of eight amines 

and one aldehyde that could give rise to the formation of eight imine dynablocks (dynamic 

amphiphilic blocks), with different hydrophilic/hydrophobic ratios. The formation of micellar 

assemblies was dependent on this ratio, and the systems were characterized by scattering 

experiments, detecting spherical and cylindrical micelles (Figure 1.5a). Kinetic and 

thermodynamic studies were then performed on a DCL composed of amine 7 and aldehyde A. 

The components were mixed in deuterated water, and the condensation product showed a 

sigmoidal concentration/time growth, indicating the presence of an autocatalytic entity. 

Control experiments performed by the addition of different amounts of preformed 7A to the 

initial DCL showed indeed the product is able to promote its own formation (Figure 1.5b). 

Upon constant addition of both 7 and A to the library, the micelles underwent a 

growth/division cycle after reaching a critical size, retaining the average size of the resulting 

population: however the resulting micelles have not been characterized by imaging 

techniques. 

 

Figure 1.5. (a) A DCL made from one aldehyde and several amines with different PEG chain lengths results in the 

imine formation. In deuterated water, some of the products will assemble into micelles of different shape; (b) 

Kinetic studies of seeding experiments showed the adduct 7A promotes its own formation. Figure adapted from ref. 

34. 

 

Dynamic combinatorial libraries have also been employed by Ashkenasy and coworkers to 

form replicating binary networks through a coiled-coil peptide self-assembly mechanism 

(Figure 1.6).35 The library was made of three starting materials, E1, E2 and N, that can give rise 

to the formation of R1 and R2 (that do not cross-catalyze) (Figure 1.6a). The peptide building 

blocks were designed in such way that R1, made from the trans-thioesterification of E1 and N, 
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could replicate more efficiently than R2, obtained from E2 and N (Figure 1.6b). The library was 

then monitored over time, observing the emergence of R1, whereas R2 did not show a 

significant growth (Figure 1.6c). Then, seeding experiments were performed that promoted the 

replication of R1, with the addition of a small amount of the same replicator or of a template T1 

possessing a similar peptide sequence to R1 (Figure 1.6d,e). The composition of the library 

could also be influenced by external triggers such as light. The library was seeded with the 

template T1
Nv, containing a photocleavable group, and kept in the dark in order to achieve the 

formation of both the replicators. After 45 minutes, the library was illuminated with UV light 

(365 nm) for 8 minutes, and an increase in the concentration of R1 was observed (Figure 1.6f). 

This system shows responsiveness to chemical and physical stimuli, but still operates under 

thermodynamic control and does not show significant competition between the two 

replicators that could serve as a molecular example of competition between species. 

 

 

Figure 1.6. (a) Peptide sequence of reactants, replicators and templates used in this study; (b) General replication 

scheme showing R1 is able to replicate whereas R2 formation is inhibited; (c) Emergence of R1 and its emergence (d) 

with a small addition of preformed R1 and (e) with addition of external template T1; (f) UV irradiation of a library 

seeded with an external template containing a photocleavable moiety resulted in the further replication of R1. Figure 

adapted from ref. 35. 
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1.4.2. Description of the peptide-based system developed by our group 

Our group recently discovered a chemical network that shows the emergence of self-

replicators.36a,d It is composed of dithiol-functionalized building blocks bearing a short peptide 

chain composed of alternating hydrophobic and hydrophilic amino acids that are prone to 

stack through β-sheet formation within the chains. Libraries were then prepared at basic pH so 

that exchange of disulfide bonds can take place (as described in section 1.3), and allowed to 

oxidize to form macrocycles of different ring sizes in equilibrium with each other (Figure 1.7a). 

The composition of the libraries was followed with UPLC measurements, and initially trimers 

and tetramers are the most abundant species since their formation is entropically favored 

(Figure 1.7b). After equilibration of the library, hexameric macrocycles (or octameric, 

depending on the hydrophobicity of the chain- see Figure 1.8) started to nucleate by stacking 

of the rings on top of each other thanks to the sufficiently strong peptide-peptide interactions. 

Self-assembly therefore takes place, leading to the formation of fibers, visible through TEM 

experiments. 

S
SS

S
S

S

R

R
R

S

S

S

S

S

S
S

S

R

R

R

R

S
S

S

S

S

S

S

S

S

S

R

R

R

R

R

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S

S

R

S
S

R

S

S

R

S

S

R

S

S

RS

S

R

HS SH

R= Gly-Leu-Lys-R'-LysCOOH

R'= Cha, p-Cl-Phe, Phe, Leu, Ala , Ser
O2

H2O

(a)

     

0 6 12
0

50

100

0 6 12
0

50

100

U
P

L
C

 p
ea

k 
ar

ea
 (

%
)

 1mer  2mer  3mer  4mer 
          5mer  6mer  8mer 

(b)

Time (days)

 

Figure 1.7. (a) Oxidation of peptide-functionalized dithiol building blocks results in the formation of an equilibrium 

mixture of differently sized macrocyclic disulfides. Depending on the hydrophilicity of the amino-acidic residue in 

R’, the building block will self-replicate either in hexameric or octameric macrocycles. The amino-acidic residues in 

R are Gly=glycine; Leu=leucine; Lys=lysine; and those in R’ are Cha=cyclohexyl-alanine; p-Cl-Phe= para-chloro 

phenylalanine; Phe=phenylalanine; Ala=alanine; Ser=serine; (b) Kinetics of the emergence of hexameric and 

octameric self replicators (gold triangles and blue diamonds, respectively) from dynamic combinatorial libraries of 

peptide-functionalized dithiol building blocks. 
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The fibers act as templates and promote the formation of more of the hexamer (or octamer), 

thereby changing the composition of the library (since disulfide exchange can take place) 

towards the formation of the only species able to assemble in fibrils (Figure 1.7b). Mechanical 

agitation of the library breaks the fibers and increases the number of fiber ends that therefore 

further catalyze the formation of more of the self-replicating species (Figure 1.8).36f The 

assembly and replication process bears similarities to amyloid formation.37 Contrary to the 

examples reported in section 1.3.1, the overall process does not rely on duplex formation and 

therefore the replication efficiency is maximum: the exponential self-replication in this system 

is enabled through a fiber elongation/breakage mechanism.36f 

 

Figure 1.8. Mechanism of replication in a system of bifunctional building blocks which initially form an exchanging 

mixture of macrocycles of different sizes via oxidation of thiols to disulfide bonds and subsequent disulfide 

exchange. Macrocycles of a specific size [path (a) for hexamers, emerging from more hydrophobic building blocks; 

path (b) for octamers, when building blocks bear a more hydrophilic side chain] self-assemble into fibers as the 

peptide chains form beta sheets. The fibers grow from their ends and break upon mechanical agitation, doubling 

the number of fiber ends that further promote the formation of the self-replicating species. 

 

Exponential growth has been demonstrated by seeding experiments: these consist of the 

addition of a small amount of suspected replicator (usually 10%) in a library where no 

replicator has emerged yet, made of mostly monomers, trimers and tetramers (Figure 1.9). 

Shortly after the addition of the seed, the rapid growth of the replicator is observed and its 
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kinetic is much faster compared to the emergence with no seed. Trimers and tetramers on the 

other hand do not self-replicate because they do not form sufficiently strong interactions 

between macrocycles to drive self-assembly.36d 

The macrocycle size required for self-replication is dependent on the strength of the 

interactions between the lateral peptidic chains. With more hydrophobic peptides (path a in 

Figure 1.8), self-assembly into fibers is feasible for smaller macrocycles (hexamer); the less 

hydrophobic alanine- and serine- containing peptides (path b in Figure 1.8) self-assemble as 

octameric macrocycles instead. Agitation conditions36a and solvent composition36e dictate the 

emergence of another replicator from the same building block. The system is also responsive to 

UV-irradiation: disulfide bonds are homolytically cleaved to thiol radicals that can undergo 

disulfide exchange with nearby disulfides. This results in a rearrangement of the disulfide 

bonds within the fibers, leading to the formation of relatively rigid hydrogels.36c 

 

Figure 1.9. General scheme for the seeding experiments that are described in this thesis. A partially oxidized library, 

made mostly of monomers, trimers and tetramers, is being seeded by the addition of a small amount of the 

suspected replicator. The kinetic of the library is then followed by UPLC: if the species added is a replicator (the 

time of the addition is indicated with an arrow in the graph), then its concentration will rapidly increase over a 

short amount of time, proving the templating effect of the species added. 

 

1.5. Emergent functions in supramolecular polymers 

The seeding experiments performed in the system described in section 1.3.2 bear strong 

similarities with nucleation-elongation mechanisms for the growth of polymers in general. 

Indeed we can refer to the fibers arising from our DCLs as supramolecular polymers, since they 

are held by non-covalent interactions of the monomers (that is, H-bonding between the 

peptide chains and hydrophobic interactions). 
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Supramolecular polymers have attracted much attention in the past few years because of the 

interesting properties these materials show thanks to the dynamic and reversible nature of the 

bonds and the large variety of monomers available.38 They are not meant to replace covalent 

polymers, since those can be used at elevated temperatures and are generally cheaper than 

their supramolecular counterparts. However, major applications of non-covalent polymers can 

be found, among others, in biomedical materials: the adaptive properties of supramolecular 

polymers make them ideal candidates to mimic the functions of the cell or the dynamics of the 

tissues. Specifically, monomers constituted by peptides and proteins have been extensively 

prepared towards the development of bioactive supramolecular polymers, considering their 

excellent biocompatibility and their essential role in many metabolic pathways.39  

Stupp and coworkers have made important advancements in this field. They designed a 

peptide-amphiphile that was able to assemble in nanostructured fibrous scaffolds in order to 

mimic the extracellular matrix.40 The design includes an alkyl tail to give the molecule a 

hydrophobic character, four cycteine residues to form disulfide bonds and polymerize, three 

glycine residues as a hydrophilic region and to give flexibility, a phosphorylated serine residue 

to interact with calcium ions and help the mineralization of the hydroxyapatite and finally the 

cell adhesion ligand RGD (Arg-Gly-Asp) (Figure 1.10a,b). Birefringent gels were formed by the 

peptide amphiphile at pH below 4 consisting of a fiber network (Figure 1.10c,d). The 

mineralization properties of the nanofibers were analized with TEM: the sample was applied 

on the holey grid and immersed in aqueous iodine to oxidize the thiols to disulfides. Then, 

CaCl2 and Na2HPO4 were added on the two sides of the grid. After some 30 minutes, the fibers 

started to be covered by plate-shaped polycrystalline material, which was proved to be 

composed of Ca and P and therefore demonstrating that the peptide-amphiphilic fibers are 

able to nucleate hydroxyapatite on the surface (Figure 1.10e). 

The group later synthesized twelve derivatives of the peptide-amphiphile building block, 

yielding nanofibers with various morphologies. Supramolecular gels could be formed upon 

strong acidification of the solution and the addition of divalent ions such as Ca2+.41 The 

versatility of the system was proven by applications in cell culture,42 cell signaling43 and 

enzyme mimetics.44 

The main driving force leading to the assembly of peptide-based bioactive supramolecular 

polymers is often related to secondary structure conformation in α-helices, β-sheets or coiled 

coils. Researchers from Yonsei University in Seoul designed peptide-based building blocks that 

could assemble in β-sheets, therefore alternating hydrophilic and hydrophobic residues in the 
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amino acidic sequence (Figure 1.11a).45 This alternating sequence coupled with solvophobic 

interactions of hydrophobic amino acids favors the formation of bilayered nanoribbons. 

 

Figure 1.10. (a-c) Structure and assembly of the peptide-amphiphile composed of five subunit in order to facilitate 

self-assembly; (d) The nanofibers are analyzed with TEM; (e) TEM visualization of nucleation of hydroxyapatite on 

the surface of the nanofibers. Figure adapted from ref. 40. 

 

They investigated whether the ribbons could encapsulate hydrophobic molecules inside their 

structure, since the bilayered ribbons are stabilized by interactions between hydrophobic 

surfaces of the β-tapes, resulting in the presence of a hydrophobic surface inside the ribbons.45a 

The nanostructures could successfully encapsulate hydrophobic fluorescent probes such as 

pyrene and nile red. To expand the biological applications of these nanoribbons, intracellular 

delivery experiments were performed. The assemblies were labelled with carboxyfluorescein 

and added to mammalian cells. The researchers found that the intracellular concentration of 

the probe was much higher compared to the control experiment where monomeric units of the 

linker (not assembling in β-sheets) were used (Figure 1.11b-d). 

Furthermore, considering that virus-like materials possess an interesting therapeutic potential 

due to their promising drug delivery properties, the same group went on to the construction of 

artificial viruses by modification of the previous peptide-building block.45b The synthesis of a 

filament-shaped artificial virus was achieved combining β-sheet peptides with glucose as 

hydrophilic segment (to suppress lateral aggregation), and a cationic segment of lysine 
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residues for nucleic acid binding. The nanostructure was found to encapsulate siRNA within 

the non-charged carbohydrate surfaces. 

 

Figure 1.11. (a) Structure of the peptide-based building block showing the β-sheet peptide and the Tat CPP (cell 

penetrating peptide), used because it is known to efficiently cross cytoplasmatic membranes; (b) A cell 

internalization study through FACS (fluorescence-activated cell sorter) shows the internalization efficiency of the 

nanoribbon (red triangles) compared to monomeric Tat CPP (green circles); (c-d) CLSM (confocal laser scanning 

microscopy) experiments show the nanoribbons (green) bind to the nucleus whereas the nile red (red) is located in 

the cytoplasm: this is due to the disassembly of the nanoribbons inside the cells and in the affinity of Tat CPP 

towards the nucleus. Figure adapted from ref. 45a. 

 

1.6. Aims and outline of this thesis 

It is nowadays recognized that self-replicating molecules must have had an important role in 

the origin of life. Most probably, as soon as the first replicators arose, they underwent 

Darwinian evolution, and this resulted in an increase in the complexity of the molecules 

themselves and their assemblies, up to the creation of the first protocell. However, there are 

not many examples showing molecules can undergo such processes. Using a dynamic 

combinatorial approach and peptide-functionalized thiol-building blocks that exhibit 

exponential self-replication, this thesis describes the role of the environment on the 

emergence, adaptation and competition of self-replicators for common resources. 

Furthermore, considering that the fibers are kinetically controlled supramolecular polymers, 

we also developed a methodology to exert excellent control over the size and sequence of the 

resulting assembly, overcoming two of the major problems encountered in the production of 

supramolecular polymers in general. 
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In Chapter 2, we describe the role of the environment in the emergence of self-replicators. We 

tested different cosolvents in DCLs made of peptide functionalized thiol building blocks. We 

observed that fluorinated alcohols, which are able to strengthen peptide-peptide interactions, 

stabilize smaller macrocycles. This resulted in the emergence of a differently-sized replicator 

when trifluoroethanol (TFE) was used between 13 and 30% v/v, demonstrating that a relatively 

small change in environment can lead to a change in the nature of the replicators. 

Aiming to achieve Darwinian evolution at the molecular level, we introduced a death 

mechanism in our systems by the setup of continuous-flow experiments. In Chapter 3 we 

report on the effects of subjecting the replicators to inflow/outflow conditions in different 

environments. We observed that, if two replicators compete for common resources, the 

environment will dictate which species will be able to increase its population over time, by 

replicating faster than it is removed by the outflow. Secondly, starting from one replicator and 

changing the environment over time, we observed that the replicator is able to adapt and 

change its macrocycle size in response to the new conditions and therefore increase its fitness. 

In Chapter 4 we investigated with continuous flow setups whether a replicator would be able 

to sustain its own formation in conditions where its emergence is inhibited. This is relevant in 

order to start observing diversification of replicators from a common species, in strict analogy 

with the complexification of biological entities from a common ancestor. We first set up 

libraries with mixed building blocks and identified conditions under which replicators did not 

arise spontaneously, but where a replicator, once present, was still able to proliferate. 

Subsequently, we tested the ability of the replicator to sustain itself in a flow regime. 

Chapter 5 reports about a methodology for the multi-hierarchical control of length and 

structure of self-synthesizing supramolecular assemblies with excellent polydispersity indexes. 

We were able to obtain seeds of controlled length by chemical reduction or shear-stress, and to 

observe living polymerization by a continuous addition of building blocks without affecting 

the polydispersity indexes of the resulting fibers. The precise formation of block-copolymers 

was also achieved by seeding experiments, using a second peptide-functionalized thiol 

building block. 

Finally, in Chapter 6 conclusions of this thesis and perspectives on DCC and Systems 

Chemistry are discussed. 
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