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2 Chapter 1 

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 
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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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SH HS S S
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O2 H2O
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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, 



 
14 Chapter 1 

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. 
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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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2.1. Introduction 

The interplay between biological species and their environment has a central role in Darwinian 

evolution, since changes in external conditions force living species to evolve, increasing their 

fitness and population accordingly. Natural selection favors the offspring of a given species 

that is best adapted to the local environments. From an origin-of-life perspective, in order to 

understand how life could originate from inanimate matter,1 it would be of great interest to 

investigate whether similar mechanisms occur at the molecular level, with fully synthetic 

systems. 

The role of the environment on proteins was investigated with computer simulations by Earl 

and Deem in 2004.2 The scientists reasoned that evolution of biological diversity should have 

been facilitated by the development of mechanisms that enabled the evolution of the species. 

Performing calculations on protein evolution, they found that the system selects those proteins 

having higher rates of evolvability instead of higher fitness if subjected to harsh environmental 

changes. Therefore, the selection of proteins for a specific environment is not optimal, since 

great fitness values for one environment would lead to a smaller evolvability when a change of 

conditions is faced by the system. Evolvability, therefore, is heavily influenced by “underlying 

rates of genetic change”, that is the probability of errors in templating mechanisms 

(polymerases, recombination, transposition and so on). A more general computer simulation 

on the effects of the environment on evolutionary processes was reported by Alon and 

coworkers in 2007.3 They defined evolution as the number of generations required for a 

random population to achieve a certain goal. The calculations were set up such that the 

studied system was evolving towards goals that change over time. They observed that changing 

the goals was in some cases greatly enhancing the speed of evolution with respect to 

evolutionary rates toward a “fixed” goal. Therefore, varying goals pushed the population away 

from the local fitness maxima, guiding them towards evolvable and modular solutions. 

No experimental work on the role of the environment in fully synthetic systems has been 

reported yet. The role of environment on bacteria was studied experimentally by Lenski and 

coworkers in 1990.4 An ancestral line of bacteria, maintained at 37 °C for 2000 generations, was 

used to prepare six lines divided in two sets, of which one is the high temperature experiment 

(42 °C) and the other is the control, kept at the same temperature. After maintaining the lines 

for 100, 200 and 400 generations at 42 °C, the bacteria were left competing at this temperature 

with the ancestral line. The authors observed that the fitness value increased by 7-8% after 200 

generations with respect to the ancestral line. The control showed instead no significant 
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improvement in fitness. Therefore a change in environmental conditions resulted in a response 

from the bacteria towards an increase in fitness through mutations. Based on these 

observations, it is likely that the environment has also played an important role in the origin of 

life, pushing the first complex systems towards mutations that could have led to an increase in 

global fitness. 

Previously, we observed that a change in the structure of the peptide building blocks 

synthesized in our group was leading to the emergence of different self-replicators.5 We 

reasoned that external stimuli, like a change in the environment, may lead to the emergence of 

different self-replicators from the same building block. We decided to test the effects of a 

cosolvent in the system we developed and reported in chapter 1, in order to alter the 

interaction energy between the peptides and thereby change the size of the emerging self-

replicator. Such finding would allow us to identify systems in which differently-sized 

replicators would compete for the same building block. 

 

2.2. Results and Discussion 

2.2.1. Identification of a suitable cosolvent to dictate the emergence of 

new species 

To start our study on the effects of cosolvents on the emergence of new self-replicators, we 

focused on mixtures of water and 2,2,2-trifluoroethanol (TFE), as the latter cosolvent is known 

to enhance secondary structure formation in proteins and peptides.6 Building blocks 1a-c 

(Figure 2.1a,d,g) were used to test the cosolvent because of the different replicators size that 

emerges from dynamic molecular networks formed from these building blocks in water: in 

libraries composed of 1a, the hexamer arises as a self-replicator, while libraries composed of 

either 1b or 1c give replicating octamers. The replicator size is influenced by the 

hydrophobicity of the peptide chain of the building blocks.5 

Experiments were set up by allowing building blocks 1a-c to oxidize in the presence of oxygen 

from the air in stirred borate buffer solutions (50 mM, pH 8.2) containing different percentages 

of TFE. We monitored the composition of the mixtures over time and observed that, for 

phenylalanine peptide 1a, only trimer and tetramer macrocycles were formed (Figure 2.1b,c). 

However, dramatically different results were obtained for the less hydrophobic peptides 1b and 

1c, depending on the percentage of TFE applied. Molecular networks made from alanine 

peptide 1b gave rise to the predominant emergence of octamer self-replicator in the presence 
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of 10% v/v of cosolvent, similar to the behavior in pure water (Figure 2.1e). However, upon 

increasing the percentage of TFE from 10 to 13% (Figure 2.1f) hexameric macrocycles were the 

dominant species. Similar behavior was observed for libraries set up with the least 

hydrophobic building block 1c, but at a somewhat larger percentage of TFE. Until 15% v/v of 

this cosolvent the octamer emerged as the predominant replicator (Figure 2.3h), like in pure 

water, while at 17% TFE the hexamer dominated (Figure 2.1i). The total peak area of the 

libraries was also monitored over time: we observed that the values are not affected by the 

composition of the library, confirming that we detect all library material and that the molar 

absorbivity of the building blocks are essentially independent of the macrocycle in which the 

building block resides. (Figure 2.2). 

 

Figure 2.1. Structure of building block (a) 1a; (d) 1b; (g) 1c. Change in product distributions of DCLs (3.8 mM dithiol 

building block in 50 mM borate buffer pH 8.2) made from (b) phenylalanine-containing peptide 1a  at 10% v/v TFE; 

(c) 1a at 30% v/v TFE; (e) alanine-containing peptide 1b at 10% v/v TFE; (f) 1b at 13% TFE; (h) serine-containing 

peptide 1c at 15% TFE; (i) 1c at 17% TFE. 
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Figure 2.2. Total UPLC peak area of DCLs made from peptides 1b-c monitored over time. The libraries were 

oxidized at day 0 at 70% with freshly prepared sodium perborate (38 mM), such that the dominant replicator 

(hexamer for 30% TFE solutions, octamer for 10% TFE solutions) could become the main species of the libraries 

already at day 3. 

 

 

Figure 2.3. Summary of the experiments at different percentages of TFE (up to 30%) for (a) building block 1b and 

(b) building block 1c. The area in red indicates the relative peak area of the cyclic octamer, while the blue area 

shows the relative peak area of the cyclic hexamer. The octamer is the predominant replicator (a) until 10% TFE or 

(b) until 15% TFE. (c) Proportion of two competing replicators in a system where they compete for a common 

building block as a function of the difference in Gibbs activation energy of the replication reaction between the two 

replicators. The relationship between the proportion of replicators is a strongly non-linear function of the difference 

in Gibbs energy of activation. Equations can be found at page 52. 
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We performed similar experiments for a range of different TFE fractions. The final ratios 

between octamer and hexamer macrocycles of 1b and 1c as a function of the percentage TFE in 

the reaction medium are shown in Figure 2.3a,b, demonstrating that the switch from octamer 

to hexamer is a strongly non-linear function of the solvent composition. Such pronounced 

non-linear behavior is explained by the fact that the replicators are capable of exponential 

growth.7 Simulations of a simplified model of two replicators competing for a common 

building block shows a similar sudden transition from one replicator to the other as the 

relative rate of replication changes (Figure 2.3c). It seems plausible that this transition is 

caused by the strengthening of peptide-peptide interactions resulting from the use of TFE as 

cosolvent. MD simulations by Mark et al.8 suggest that preferential solvation of peptides by 

TFE enhances intrapeptide hydrogen bonding by reducing competition by water and providing 

a low dielectric environment. TFE shows only limited association with hydrophobic residues of 

the peptides, so hydrophobic interactions between the peptides are not significantly affected. 

With the TFE-mediated strengthening of the interactions between peptide building blocks, 

stacking becomes feasible for smaller macrocycles. To prove this hypothesis, libraries were set 

up in different water/ethanol mixtures of different compositions (Figure 2.4). 
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Figure 2.4. Evolution of the product distribution of DCLs made from 3.8 mM dithiol building block 1b and 1c in 50 

mM borate buffer pH 8.2 in the presence of (a,d) 10%; (b,e) 15%; (c,f) 30% v/v ethanol. The predominant replicator is 

the octamer. 
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In all cases the octameric self-replicator emerged, but at a somewhat reduced rate compared 

with libraries set up in borate buffer only. No traces of hexameric self-replicator could be 

detected. Therefore the fluorine atoms are demonstrated of key importance in order to give 

rise to the hexamer. We also checked whether hexameric macrocycles could emerge from 

mixtures of water/hexafluoroisopropanol (HFIP) ranging from 5 to 10% v/v (Figure 2.5). 

However, in all the libraries we did not observe the emergence of any replicator, not even the 

octameric species which was emerging when using ethanol as cosolvent. This is probably due 

to the further stabilization of trimeric and tetrameric species by the larger number of fluorine 

atoms displaced by HFIP. 
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Figure 2.5. Evolution of the product distribution of DCLs made from 3.8 mM dithiol building block (a,b) 1b and 

(c,d) 1c in 50 mM borate buffer pH 8.2 in the presence of (a,c) 5%; (b,d) 10%; v/v hexafluoroisopropanol (HFIP). No 

traces of any hexameric or octameric replicators were observed. 
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2.2.2. Seeding experiments and characterization of the self-replicating 

species 

We then verified whether the hexamers and octamers of 1b and 1c are self-replicators under 

different conditions. Samples were prepared by oxidizing 1b or 1c to produce solutions that 

were dominated by trimers and tetramers, therefore without the presence of any suspected 

replicators (Figure 2.6). Solutions were made in 10% TFE (for the octamers) and 30% TFE (for 

the hexamers) and to these solutions 10% of octamer or hexamer seeds were added. We then 

monitored the rate of growth of octamer or hexamer with UPLC and compared it with the 

corresponding rate in the absence of seed. The results are shown in Figure 2.7 and demonstrate 

that the addition of the suspected replicators indeed enhanced the rate of their own formation, 

confirming that both octamers and hexamers are self-replicators, i.e. capable of catalyzing the 

rate of their own formation. 
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Figure 2.6. UPLC traces (monitored at 254 nm) of the product mixture obtained by 70% oxidation with sodium 

perborate of peptide (a) 1b; (b) 1c. After checking the oxidation level, the libraries were seeded and cross-seeded 

with octamer and hexamer replicators. 

 

Replication is accompanied by fiber formation, as evident from transmission electron 

microscopy (TEM) micrographs (Figure 2.8a-d). The hexamer fibers formed from 1b and 1c in 

the presence of 30% TFE showed substantial lateral association, as was observed previously for 

the octamers of these building blocks.5 The fibers of the hexamers of 1b and 1c were further 

characterized by circular dichroism (Figure 2.8e,f) and thioflavin T fluorescence experiments 

(Figure 2.8g,h). Both techniques confirmed the presence of β-sheets. 
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Figure 2.7. Seeding-induced growth of suspected self-replicating macrocycles under conditions that favor their 

formation. In all cases the libraries were seeded with 10% mol of suspected replicator. (a) Octamer seeded at day 2 

in a 10% TFE solution containing 1b; (b) Hexamer seeded at day 2 in a 30% TFE solution containing 1b; (c) Octamer 

seeded at day 1 in a 10% TFE solution containing 1c; (d) Hexamer seeded at day 4 in a 30% TFE solution containing 

1c. The data are compared with libraries that were not seeded (open symbols).
9
 The peak area of the other species in 

the libraries is omitted for clarity. 
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Figure 2.8. TEM micrographs taken from a DCL (borate buffer 50 mM, 30% v/v TFE, pH 8.2) made of peptide (a,b) 

1b and (c,d) 1c that were dominated by hexamers. The images were obtained using negative staining (2% uranyl 

acetate). CD spectra of DCLs (borate buffer 50 mM, 30% v/v TFE, pH 8.2) made from peptides (e) 1b; (f) 1c and 

fluorescence emission spectra of solutions of ThT only (blank) and solutions of ThT made from peptide (g) 1b; (h) 1c 

that were dominated by hexameric replicators.  

 

2.2.3. Cross seeding experiments 

We also performed cross-seeding experiments to verify whether the hexamer and octamer 

macrocycles are able to replicate in environments in which they do not grow to significant 

concentrations in the absence of seeding. We seeded mixtures of trimer and tetramer 

macrocycles of 1b or 1c (prepared as described in the previous subchapter, Figure 2.6) with 

hexamer seed in 10% TFE and octamer seed in 30% TFE. In all the experiments, the seeded 

species was capable of self-replication, albeit to a very limited extent (Figure 2.9 and Figure 

2.10). In all the experiments, the growth of the species that was added as a seed was much 

slower than the competing replicator, despite no seed of the latter had been added (Figure 

2.9). The fact that we do not observe any consumption of the less favored replicators, also not 

during later stages of replication, suggests that the macrocycles that are part of fibers do not 

readily undergo disulfide exchange and appear to be kinetically trapped. Thus, even when the 

competing octamer replicator was added as a seed, the hexamer of 1b and 1c emerged as the 

predominant replicator in 30% TFE libraries (Figure 2.9b,d). Conversely, the octamer became 

the dominant replicator in 10% TFE experiments (Figure 2.9a,c) even when those libraries were 

seeded with competing hexameric replicators. Most surprisingly, the growth of the replicator 

`native` to a specific environment appears to benefit from seeding by its competing “non-
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native” replicator, suggesting that cross-catalysis is taking place. The final compositions of the 

solutions of all eight seeding experiments on 1b and 1c are summarized in Figure 2.10 and 

compared with the compositions of the corresponding samples that were not seeded. 
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Figure 2.9. Seeding-induced growth of self-replicating macrocycles under conditions that do not favor their 

formation. (a) peptide 1b at 10% TFE; (b) peptide 1b at 30%TFE; (c) peptide 1c at 10% TFE; (d) peptide 1c at 30% 

TFE. The libraries were seeded on day 1 with 10 mol% of (a,c) hexamer; (b,d) octamer. The data are compared with 

libraries that were not seeded (open symbols).
9 

 

Figure 2.10. Summary of the seeding and cross-seeding experiments for (a) building block 1b and (b) building block 

1c, compared with non-seeded experiments. The hexamer is shown in blue and the octamer in red. The striped areas 

correspond to the amount of added seed. 
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2.3. Conclusions 

The obtained results capture for the first time at a molecular level the role of the environment 

in the competition between two replicating species for a common building block in a fully 

synthetic system. Perhaps not surprisingly, the environment plays a decisive role in the 

emergence of self-replicators from complex mixtures. The proportion of two competing 

replicators was found to be a strongly non-linear function of the solvent composition, since 

replicators are not able to emerge in a less favorable environment. With TFE-mediated 

strengthening of the interactions between peptide building blocks stacking becomes feasible 

for smaller macrocycles: in the presence of TFE, oxidation of building block 1a (which formed 

hexamers in water) resulted in the formation of trimers and tetramers only. Instead, building 

blocks 1b and 1c, that give self-replicating octamers in water, stack in hexamers with 

appropriate amounts of TFE. The concentration of TFE required for the changeover was higher 

for the less hydrophobic and therefore less strongly interacting serine-containing building 

block 1c as compared to alanine-containing 1b. These trends are summarized in Figure 2.11, 

which shows qualitatively the strength of the peptide/peptide interactions for 1a-c in different 

water/TFE mixtures. The horizontal lines separate the areas in which specific macrocycles 

dominate. 

 

Figure 2.11. Estimated strength of the peptide-peptide interactions for the different peptides in water/TFE mixtures. 

Introduction of TFE strengthens the peptide-peptide interactions, making stacking feasible for smaller macrocycles. 

 

In a more general context, this finding opens new possibilities in systems chemistry,10 

specifically for investigating Darwinian evolution at the molecular level, since the results show 

the fitness of competing, fully synthetic replicators can be tuned by changing the environment. 

It is also possible to define niches by creating specific environments and develop out-of-
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equilibrium systems (as the one that will be described in Chapter 3) where the replicators can 

compete for the same resources. 
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2.5. Experimental Section 

2.5.1. Materials 

Water was doubly distilled prior to use. Boric acid and potassium hydroxide utilized for the 

preparation of buffers and pH adjustment were obtained from Acros Organics and Merck 

Chemicals, respectively. 2,2,2-Trifluoroethanol was purchased from Sigma Aldrich. Ethanol 

was purchased from J. T. Baker. Acetonitrile (UPLC grade), water (UPLC grade) and 

trifluoroacetic acid were purchased from Biosolve BV. 

2.5.2. General Methods 

Peptide synthesis 

Peptides 1a-c were synthesized by Cambridge Peptides Ltd (Birmingham, UK) from 3,5-

bis(tritylthio)benzoic acid, which was prepared via a previously reported procedure.11 All 

peptides showed purity higher than 85%. Impurities were mostly due to oxidation of thiols to 

disulfides (i.e. dimer, trimer). 

Library preparation and sampling 

Building blocks 1a-c were dissolved to a concentration of 3.8 mM in borate buffer (50 mM, pH 

8.2) and 2,2,2-trifluoroethanol in 10, 13, 15, 17, 20, 25 and 30% v/v (10% and 30% only for 1a). 

Where necessary the pH of the solution was adjusted by the addition of 2.0 M KOH solution 

such that the final pH was 8.2. The volume of each library was 400 µL. Each solution was 

allowed to equilibrate in an HPLC vial (12 x 32 mm) with a Teflon-lined snap cap. All the 

samples contained a cylindrical micro-stirrer bar (2 x 5 mm, Teflon-coated, purchased from 

VWR) and were stirred at 1200 rpm using an IKA RCT basic hotplate stirrer. All the 

experiments were performed at ambient temperature. A small aliquot of each sample was 
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removed to another vial and diluted 20 times with double distilled water prior to UPLC or LC-

MS analysis. 

Seeding experiments 

Two libraries containing building blocks 1b-c in 10% and 30% TFE were prepared accordingly 

to the procedure described above. The solutions were oxidized to 70% with sodium perborate 

(freshly prepared, 38 mM) such that they contained mostly monomer, trimer and tetramer. 

The libraries were then split in two parts. To one part prepared with 10 % TFE, a small amount 

(10 mol %) of pre-existing octamer was added. The same amount of hexamer was instead 

added to one of the two libraries prepared with 30% TFE. All four libraries were monitored by 

UPLC. The preparation of the sample is described above. 

Cross seeding experiments 

For peptides 1b-c two solutions containing mostly monomer, trimer and tetramer at 10% and 

30% TFE were prepared according to the procedure described in the seeding experiments 

paragraph. The libraries were then split in two parts. To one of the two libraries prepared with 

10 % TFE a small amount (10 mol %) of pre-formed hexamer was added. The same amount of 

octamer was instead added to one of the two libraries prepared with 30% TFE. All four libraries 

were monitored by UPLC. 

Negative staining Transmission Electron Microscopy 

A small drop (5 µL) of sample was deposited on a 400 mesh copper grid covered with a thin 

carbon film (Agar Scientific). After 30 seconds, the droplet was blotted on filter paper. The 

sample was then stained twice (4 µL each time) with a solution of 2% uranyl acetate deposited 

on the grid and blotted on the filter paper after 30 seconds each time. The grids were observed 

in a Philips CM120 cryo-electron microscope operating at 120 kV. Images were recorded on a 

slow scan CCD camera. 

Thioflavine T (ThT) fluorescence 

Sample aliquots were diluted to a concentration of 76 µM with respect to peptides 1b-c with 

additional potassium borate buffer (50 mM, pH 8.2). The diluted sample (3.2 µL) was added to 

a ThT solution (22 µM, 26.8 µL) in potassium borate buffer (50 mM, pH 8.2) and incubated for 

5 minutes. The solution was diluted with additional potassium borate buffer (50 mM, pH 8.2, 

100 µL) and transferred into HELMA 10 x 2 mm quartz cuvettes. The fluorescence was 
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measured on a JASCO FP6200 spectrophotometer by excitation at 440 nm (5 nm slit width) 

and emission from 460 to 700 nm (5 nm slit width, 3 repeats averaged). 

Circular dichroism (CD) 

Spectra were obtained at 20 °C using a JASCO J715 spectrophotometer (range 190-400 nm, 

pitch: 2 nm, bandwidth: 5 nm, response: 2 s, speed: 50 nm/min, continuous scanning) and 

HELMA 10 x 2 mm quartz cuvettes. All reported spectra are averages of 3 repeats. Solvent 

spectra were subtracted from all spectra. All spectra were obtained using samples diluted to 8 

µM (with respect to building block concentration). 

UPLC and LC-MS analyses 

UPLC analyses were performed on a Waters Acquity H-class equipped with diode array UV/Vis 

detector. LC-MS analyses were performed on a Xevo G2 UPLC/TOF with ESI ionization, 

manufactured by Waters. All analyses were performed at 35 °C using a reversed-phase UPLC 

column (Phenomenex Aeris Peptide, 2.1 x 150 mm; 1.7 µm). UV absorbance was monitored at 

254 nm. Positive-ion mass spectra were acquired using electro-spray ionization. Injection 

volume 5 µL of freshly aliquoted sample; column temperature 35 °C; flow rate 0.3 mL/min. 

UPLC methods 

Solutions containing peptides 1a-c and their oxidation products were analyzed using the 

following methods (linear gradient): 

Solvent A: ULC/MS grade water purchased from Biosolve (0.1% trifluoroacetic acid added) 

Solvent B: ULC/MS grade acetonitrile purchased from Biosolve (0.1% trifluoroacetic acid 

added) 

Peptide 1b 

(Phenomenex Aeris Peptide column) 

Peptide 1c 

(Phenomenex Aeris Peptide column) 
 

Time (min) A% B% 

0 90 10 

1 75 25 

11 55 45 

12 5 95 

14 5 95 

15 90 10 

18 90 10 

 

Time (min) A% B% 

0 90 10 

1 75 25 

11 65 35 

12 5 95 

14 5 95 

15 90 10 

18 90 10 
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LC-MS analysis of 1b 

 

Figure 2.12. Mass spectrum of building block 1b from the LC-MS analysis of a stirred library made from peptide 1b. 

Calculated isotopic profile (species, abundance): 683.30 (M, 100.0%), 684.30 (M+1, 37.4%), 685.29 (M+2, 17.3%); m/z 

calculated: 684.31 (M+1H)
+
; m/z observed: 684.30 (M+1H)

+
. Inset: isotopic profile at m/z 684.30. 

 

 

 

Figure 2.13. Mass spectrum of linear dimer 1b2 from the LC-MS analysis of a stirred library made from peptide 1b. 

Calculated isotopic profile (species, abundance): 1364.60 (M, 100.0%), 1365.60 (M+1, 74.9%), 1366.60 (M+2, 48.6%); 

m/z calculated: 683.31 (M+2H)
2+

; m/z observed: 683.29 (M+2H)
2+

. Inset: isotopic profile at m/z 683.29. 
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Figure 2.14. Mass spectrum of cyclic trimer 1b3 from the LC-MS analysis of a stirred library made from peptide 1b. 

Calculated isotopic profile (species, abundance): 2044.90 (M+1, 100.0%), 2043.89 (M, 89.0%), 2045.90 (M+2, 83.6%); 

m/z calculated: 1023.45 [(M+1)+2H]
2+

, 682.63 [(M+1)+3H]
3+

; m/z observed: 1023.45 [(M+1)+2H]
2+

, 682.96 

[(M+1)+3H]
3+

. Inset: isotopic profile at m/z 1023.45. 

 

 

 

Figure 2.15. Mass spectrum of cyclic tetramer 1b4 from the LC-MS analysis of a stirred library made from peptide 1b. 

Calculated isotopic profile (species, abundance): 2726.19 (M+1, 100.0%), 2725.19 (M, 77.0%), 2727.20 (M+2, 64.4%); 

m/z calculated: 1365.26 [(M+1)+2H]
2+

, 909.73 [(M+1)+3H]
3+

; m/z observed: 1364.60 [(M+1)+2H]
2+

, 909.73 

[(M+1)+3H]
3+

. Inset: isotopic profile at m/z 1364.60. 
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Figure 2.16. Mass spectrum of cyclic pentamer 1b5 from the LC-MS analysis of a stirred library made from peptide 

1b. Calculated isotopic profile (species, abundance): 3407.49 (M+1, 100%), 3406.49 (M, 61.6%), 3408.5 (M+2, 54.2%); 

m/z calculated: 1137.80 [(M+1)+3H]
3+

, 853.85 [(M+1)+4H]
4+

; m/z observed: 1137.17 [(M+1)+3H]
3+

, 853.12 [(M+1)+4H]
4+

. 

Inset: isotopic profile at m/z 1137.17. 

 

 

 

Figure 2.17. Mass spectrum of cyclic hexamer 1b6 from the LC-MS analysis of a stirred library made from peptide 1b. 

Calculated isotopic profile (species, abundance): 4088.79 (M+1, 100%), 4089.79 (M+2, 96.8%), 4090.80 (M+3, 

54.2%); m/z calculated: 1363.93 [(M+1)+3H]
3+

, 1023.82 [(M+1)+4H]
4+

; m/z observed: 1363.46 [(M+1)+3H]
3+

, 1022.96 

[(M+1)+4H]
4+

. Inset: isotopic profile at m/z 1022.96. 
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Figure 2.18. Mass spectrum of cyclic octamer 1b8 from the LC-MS analysis of a stirred library made from peptide 1b. 

Calculated isotopic profile (species, abundance): 5452.39 (M+2, 100.0%), 5453.39 (M+3, 85.8%), 5451.40 (M+1, 77.4%); 

m/z calculated: 1364.1 [(M+2)+4H]
4+

, 1092.41 ([M+2)+5H]
5+

; m/z observed: 1364.56 [(M+2)+4H]
4+

, 1092.06 

[(M+2)+5H]
5+

. Inset: isotopic profile at m/z 1364.56. 
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Figure 2.19. Evolution of the product distribution of DCLs (3.8 mM dithiol building block 1b in 50 mM borate buffer 

pH 8.2) at different concentration of TFE. (a) 10%: the predominant replicator is the octamer; (b) 13%; (c) 15%; (d) 

17%; (e) 20%; (f) 25%; (g) 30%. In graphs (b-g) the predominant replicator is the hexamer. 
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LC-MS analysis of 1c 

 

Figure 2.20. Mass spectrum of building block 1c from the LC-MS analysis of a stirred library made from peptide 1c. 

Calculated isotopic profile (species, abundance): 700.32 (M, 100.0%), 731.32 (M+1, 32.4%), 732.31 (M+2, 9%); m/z 

calculated: 700.32 (M+H)
+
, 351.16 (M+2H)

2+
; m/z observed: 700.35 (M+H)

+
, 350.68 (M+2H)

2+
. Inset: isotopic profile at 

m/z 700.35. 

 

 

Figure 2.21. Mass spectrum of linear dimer 1c2 from the LC-MS analysis of a stirred library made from peptide 1c. 

Calculated isotopic profile (species, abundance): 1396.62 (M, 100.0%), 1397.62 (M+1, 75.0%), 1398.61 (M+2, 49.1%); 

m/z calculated: 699.31 (M+2H)
2+

; m/z observed: 699.34 (M+2H)
2+

. Inset: isotopic profile at m/z 699.34. 
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Figure 2.22. Mass spectrum of cyclic trimer 1c3 from the LC-MS analysis of a stirred library made from peptide 1c. 

Calculated isotopic profile (species, abundance): 2092.96 (M+1, 100.0%), 2091.96 (M, 88.9%), 2093.96 (M+2, 84.2%); 

m/z calculated: 1047.46 [(M+1)+2H]
2+

, 698.64 [(M+1)+3H]
3+

, 524.24 [(M+1)+4H]
4+

. m/z observed: 1047.43 

[(M+1)+2H]
2+

, 698.95 [(M+1)+3H]
3+

, 524.21 [(M+1)+4H]
4+

. Inset: isotopic profile at m/z 1047.43. 

 

 

 

Figure 2.23. Mass spectrum of cyclic tetramer 1c4 from the LC-MS analysis of a stirred library made from peptide 1c. 

Calculated isotopic profile (species, abundance): 2791.24 (M+2, 100.0%), 2790.24 (M+1, 97.1%), 2792.23 (M+3, 76.9%), 

2789.23 (M, 64.8%); m/z calculated: 1396.12 [(M+1)+2H]
2+

, 931.08 [(M+1)+3H]
3+

, 698.55 [(M+1)+4H]
4+

; m/z observed: 

1396.59 [(M+1)+2H]
2+

, 931.38 [(M+1)+3H]
3+

, 698.53 [(M+1)+4H]
4+

. Inset: isotopic profile at m/z 931.38. 

 



 
49 Solvent Composition Dictates Emergence in Dynamic Molecular Networks 

Containing Competing Replicators 
 

 

Figure 2.24. Mass spectrum of cyclic pentamer 1c5 from the LC-MS analysis of a stirred library made from peptide 

1c. Calculated isotopic profile (species, abundance): 3488.55 (M+2, 100.0%), 3489.55 (M+3, 91.0%), 3487.55 (M+1, 

82.2%), 3490.54 (M+4, 68.2%), 3486.55 (M, 43.9%); m/z calculated: 1163.51 [(M+1)+3H]
3+

, 872.88 [(M+1)+4H]
4+

; m/z 

observed: 1163.83 [(M+1)+3H]
3+

, 873.11 [(M+1)+4H]
4+

. Inset: isotopic profile at m/z 1163.83. 

 

 

 

Figure 2.25. Mass spectrum of cyclic hexamer 1c6 from the LC-MS analysis of a stirred library made from peptide 1c. 

Calculated isotopic profile (species, abundance): 4184.76 (M+1, 100.0%), 4185.76 (M+2, 96.8%), 4187.76 (M+4, 52.5%); 

m/z calculated: 1396.25 [(M+2)+3H]
3+

, 1047.44 [(M+2)+4H]
4+

; m/z observed: 1396.59 [(M+2)+3H]
3+

, 1047.69 

[(M+2)+4H]
4+

. Inset: isotopic profile at m/z 1396.59. 
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Figure 2.26. Mass spectrum of cyclic octamer 1c8 from the LC-MS analysis of a stirred library made from peptide 1c. 

Calculated isotopic profile (species, abundance): 5580.35 (M+2, 100.0%), 5581.35 (M+3, 85.8%), 5579.35 (M+1, 77.4%); 

m/z calculated: 1861.12 [(M+2)+3H]
3+

, 1396.08 [(M+2)+4H]
4+

, 1117.07 [(M+1)+5H]
5+

; m/z observed: 1861.84 

[(M+2)+3H]
3+

, 1396.67 [(M+2)+4H]
4+

, 1117.54 [(M+2)+5H]
5+

. Inset: isotopic profile at m/z 1396.67. 
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Figure 2.27. Evolution of the product distribution of DCLs (3.8 mM dithiol building block 1c in 50 mM borate buffer 

pH 8.2) made from building block 1c at different concentration of TFE. (a) 10%; (b) 13%; (c) 15%. In graphs (a-c) the 

predominant replicator is the octamer; (d) 17%; (e) 20%; (f) 25%; (g) 30%. In graphs (d-g) the predominant 

replicator is the hexamer. 
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Kinetic simulations of a system of two replicators competing for a common building 

block 

Simulations were performed using the Berkeley Madonna software package, using the 

following model. Herein R1 and R2 are the two replicators, A is the common resource and k1 

and k2 are the rate constants for the replication reactions of R1 and R2, respectively. The ratio 

of k1 to k2 was varied to produce the data shown in Figure 2.3c. 

{Top model} 

 

   {Reservoirs} 

   d/dt (R1) = + dR1dt 

      INIT R1 = 1e-9 

   d/dt (R2) = + dR2dt 

      INIT R2 = 1e-9 

   d/dt (A) = + dAdt 

      INIT A = 0.01 

 

   {Flows} 

   dR1dt = k1*A*R1 

   dR2dt = k2*A*R2 

   dAdt = -k1*A*R1-k2*A*R2 

 

   {Functions} 

   k1 = 1 

   k2 = 2 

{Globals} 

{End Globals} 
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3.1. Introduction 

On the quest to shine light on the missing link between the simplest living entity and 

inanimate matter, chemistry and its rules play an essential role: assuming that there has been a 

transition from inanimate to animate matter that gave rise to life on Earth implies the 

necessity to find evidence for processes that led to the selection and amplification of pre-biotic 

molecules from a pool of simple chemicals. Understanding the principles of complexification 

and organization of the matter represents a way toward the understanding of what life is, and 

might guide us in efforts to create systems that could be defined as living. In other words, it is 

essential to look for a chemical equivalent of Darwinian evolution in synthetic systems. The 

definition of “Darwinian evolution” is closely related to natural selection, i.e. the process for 

which populations of genetic variants of living entities, generated by mutation, undergo 

selection under the pressure of external influences (such as changes in environment and 

availability of resources). Of the three main “ingredients” of life, described in Chapter 1, self-

replication can be considered a minimal requirement for the emergence of new species: 

molecular replication could have therefore started in a prebiotic setting as a physicochemical 

form of reproduction.1 Therefore, considering populations of simple chemical replicators 

competing for common resources, the outcome may well be closely related to the biological 

scenario: the most fit to a certain environment wins the competition and will be able to grow 

in population. 

In his challenging quest to explain how life could have originated from inanimate matter, Addy 

Pross, a theoretical chemist from the University of the Negev, Israel, claims that natural 

selection can be matched with kinetic selection of self-replicating chemical species, an 

inherently chemical phenomenon that favors the population that replicates more quickly.2 

Kinetic advantages might therefore influence biological evolution, even though the complexity 

of biological systems takes in account many other factors, making it almost impossible to 

quantify their fitness. Thus, the first complex chemical systems could have undergone 

mutation and selection influenced by the environment as soon as they were able to replicate, 

and these events led to an increase in complexity that enabled the development of more 

reliable replication mechanisms that were therefore kinetically favored. Considering more 

complex molecules such as RNA, they could have arisen from a pool of analogous assemblies 

that were then selected and amplified due to their ability to form complementary molecules 

able to reproduce the original ones.3 The errors in the replication mechanism could have then 

led to a pool of “quasi-species”,4 mutants from which RNA capable of protein synthesis would 

have finally arisen. 
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Considering the work on non-equilibrium thermodynamics published by Prigogine,5 living 

entities can be defined as dissipative systems: they continuously maintain their supermolecular 

order through exchange of energy with the outside world, that is the withdrawal of resources 

from the environment and the release of chemicals from metabolic pathways. This way the 

system is defined as far-from-equilibrium, not thermodynamically stable and can exist as such 

only if it continuously sustains itself through this pathway. For biological systems, being stable 

means increasing the global fitness and robustness to changes in the environment in order to 

maintain (and eventually increase) their population over time. For simple chemical systems 

being able to maintain their population in far-from-equilibrium conditions, a new definition of 

“stability” has to be adopted. Pross has referred to it as “dynamic kinetic stability” (DKS):2 it 

describes an open system that is persistent and whose kinetics of replication are such to 

maintain or increase its population over time. The author affirms evolution should act in the 

same way at the biological and molecular level and can be matched with the increase of DKS 

over time. The key concepts of this theory are shown in Table 1.1. 

Table 1.1. Biological phenomena are defined in chemical equivalents by Pross. Table adapted from ref. 2b. 

Biological Term Underlying Chemical Term 

Natural selection Kinetic selection 

Fitness Dynamic kinetic stability (DKS) 

Survival of the fittest Drive toward greater kinetic stability 

 

Whereas the field of evolutionary biology provides many examples of environmentally-induced 

changes in populations,6 there is still lack of information on fully synthetic systems that can 

undergo evolution at the molecular level.7 Furthermore, biochemical systems are involved in 

metabolic turnovers that only take place in dissipative systems, making the development of 

dissipative chemical networks in which the system is kept under kinetic control of prime 

importance for the observation of evolution in chemical systems. 

In Chapter 2 we have reported how the environment dictates the emergence at the molecular 

level of different self-replicating species in a dynamic network.8 Depending on the composition 

of the library, the exponential growth of either the hexameric or octameric self-replicator takes 

place, whereas the weaker replicators were unable to compete for the available building blocks. 

Here, we show how a chemical system that is kept far-from-equilibrium shows emergent 

functions that can be compared to the biological feature of adaptation. The results constitute a 

step toward the observation of Darwinian evolution at the molecular level. 
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3.2. Results and Discussion 

3.2.1. Continuous-flow setups 

Adaptation is an emergent dynamic behavior of a system. We reasoned we may be able to 

observe that feature at the molecular level by subjecting the self-replicators made from 

building block 1b (see Figure 3.1a) to far-from-equilibrium conditions. This approach consists 

in affecting concurrent replication and destruction by the continuous inflow of building block 

1b to the replicating entities and the parallel withdrawal of material from the vial. Emergent 

functions may therefore be observed since this way the system is not allowed to reach a 

thermodynamic minimum state, and could be responsive to changes of environment. 

 

Figure 3.1. (a) Structure of building block 1b; (b) Schematic representation of the continuous-flow setup; (c) Frontal 

and (d) Top view photographs of the continuous-flow setup for far-from-equilibrium experiments, showing the 

pumps, the syringes, the vials and the stirring plate (beneath the samples holders). vflow = 5 µL/h; Vvials = 500 µL; 

stirring = 600 rpm. 

 

We set up a simple far-from-equilibrium system using pumps to allow the continuous inflow 

and outflow of material (Figure 3.1b-d). The flow rate was set at 5 µL/h to allow for exchange of 

disulfides and emergence of self-replicators to take place. The inflow syringes were filled with a 

previously oxidized mixture of monomers, trimers and tetramers, dissolved in phosphate 

buffer only or with the addition of variable amounts of TFE. The vials contained either one or 

both replicators made from 1b and were stirred at 600 rpm in order to mechanically break the 

growing fibers and increase the number of ends, from which the fibers grow.9 
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3.2.2. Adaptation 

Considering that the hexameric and octameric replicators of building block 1b need common 

resources for their formation, we set up a continuous-flow experiment in order to investigate 

whether the population of the two species would be subjected to changes in far-from-

equilibrium conditions for a specific environment. Specifically, the hexameric and octameric 

replicators of building block 1b were transferred in the vial in 1:1 ratio, and the solvent 

composition of the inflow material and the vial was kept unchanged over time (Figure 3.2). We 

observed that only the fittest replicator for a given environment was able to sustain its own 

formation and increase its population over the inflow/outflow regime: the octamer was 

decreasing in a 50% TFE environment, whereas the hexamer was able to use the common 

resources for its own sustainment, and viceversa in an environment without TFE. The 

concentration of the weaker replicator, therefore, decreased to the point of being detectable in 

only small amounts in UPLC analysis (around 5%, Figure 3.2). However, the unfavored 

replicator did not go exinct since the two species can cross-catalyze each other (see chapter 2). 

Given the responsiveness of the replicators population to a certain environment in flow 

conditions, we tested the system through subsequent changes in the solvent composition of 

the vial, in order to affect the fitness of the replicators over time and eventually detect the 

adaptation of a non-favored replicator into the fittest one. Experiments were set up to allow for 

a change of TFE content in the vial through a different composition of the inflow material over 

time. We started from samples containing either hexameric or octameric fibers in an 

environment for which we previously found that a different replicator was favored (i.e. we 

placed octamer replicator in 50% TFE in phosphate buffer- which favors hexamer replication- 

and placed hexamer replicator in phosphate buffer only, which favors octamer replicators), 

started the inflow/outflow regime and monitored the composition of the libraries over time by 

UPLC. 
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Figure 3.2. Summary of the experiments on the competition of species for common resources. (a, b) Scheme of the 

flow setup; (c) Increment of the population of the hexameric replicators (blue diamonds) and decay of the 

octameric species (red squares) in a library composed of 50% TFE; (d) Increment of the population of the octameric 

replicators (red squares) and decay of the hexameric species (blue diamonds). 

 

We observed that the concentration of the initial replicator was steadily decreasing as soon as 

the environment was changing, whereas the fitter replicator was emerging (Figure 3.3). We 

could observe the growth and decline of replicators for a total of two full cycles. In a specific 

environment, the non-favored species was detected by UPLC in only small quantities, whereas 

the fittest one grew in an exponential fashion.10 When the library was reaching a steady-state, 

we changed the composition of the inflow material to allow for a change in environment. 

Without the presence of TFE the octameric self-replicator could emerge at the expense of the 

hexameric one; on the other hand, increasing the %TFE to 50% resulted in the ability of the 

hexamer to consume the common resources (that is, the mixture of monomers, trimers and 

tetramers that were flown in) to increase its population at the expense of the octameric 

macrocycle, since the environment now enhances peptide-peptide interactions11 which favors 

the emergence of the smaller macrocycle. 
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Figure 3.3. Summary of the adaptation of self-replicating species to changes in the environment. (a) General 

scheme of the inflow/outflow regime; (b) Initial adaptation of octameric macrocycles (red squares) of 1b into 

hexamers (light blue diamonds); (d) Initial adaptation of hexameric macrocycles of 1b into octamers. For both the 

experiments, the environment of the library was further changed in order to show the sensitivity of the system to 

different environments. The percentage of TFE in the library is shown as a light-blue area beneath the kinetic traces. 

To speed up the transition from 8mer to 6mer, the inflow material was diluted in 100% TFE and flown for two days, 

after which the 50% TFE composition was almost restored. 

 

Two sets of control experiments were performed in order to confirm that the fittest replicator 

grows from the less adapted one. First, we checked whether the emergence of the replicators 

alone from an initial mixture of monomers, trimers and tetramers was still observed under far-

from-equilibrium conditions (Figure 3.4) and if the kinetics of the emergence of the fittest 

replicator were slower compared to the “adaptation” kinetics. The experiments were performed 

in phosphate buffer only and with 50% v/v of TFE as cosolvent, preparing the libraries such 

that they were composed only of a mixture of monomers, trimers and tetramers. The solvent 

composition of the inflow material was kept constant over time. In both the experiments we 

observed the emergence of the fittest replicating species, that is the 8mer in phosphate buffer 

only, and 6mer when TFE is used as cosolvent: the emergence of both the replicators was 

observed after six days, clearly slower with respect to libraries containing a small amount of 

the unfavored replicator (as in the “adaptation” experiments) (Figure 3.4). This experiment 

suggests that the emergence of the new replicator in both the “adaptation” experiments is 

accelerated by the cross-catalysis of the original replicator. 
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Figure 3.4. Emergence of a self-replicator from a dynamic combinatorial library made of building block 1b in far-

from-equilibrium conditions. (a, b) Scheme of the flow setup; (c) Emergence of the hexameric replicator in a library 

dissolved in phosphate buffer and 50% TFE as cosolvent; (d) Emergence of the octameric replicator in a library 

dissolved in phosphate buffer. The open symbols correspond to the data in Figure 3.3. 

 

In the second series of control experiments we wanted to recreate the conditions of the first 

controls, but with the addition of a small amount of the non-favored replicator (Figure 3.5). 

This way, we expected that the seed would not grow significantly over time, and at the same 

time we should observe the emergence of the fittest replicator with a faster kinetics than that 

observed in the experiments shown in Figure 3.4, because of the cross-seeding by the non-

favored replicator. Libraries were prepared by the addition of a small amount (5%) of the non-

favored replicator to the vials containing a mixture of monomers, trimers and tetramers. The 

solvent composition of the inflow material was kept constant over time. The outcome 

confirmed that the seeded replicator is not able to grow exponentially, though it can promote 

its own formation to some extent, whereas the fittest replicator takes advantage of the cross-

seeding effect of the non-favored one, and its emergence can be observed a few days earlier 

than in the experiments in Figure 3.4. Therefore, in the experiments shown in Figure 3.3 we 

can conclude the fittest replicator takes over from the less adapted replicator, and the growth 

of the new replicator is cross-catalyzed by the soon-to-fade non-favored replicator. 



 
63 Self-Replicators Adapting to a Different Environment in  

Continuous-Flow Setups 
 

 

Figure 3.5. Emergence of a self-replicator from a dynamic combinatorial library made of building block 1b in far-

from-equilibrium conditions. (a, b) Scheme of the flow setup; (c) Emergence of the hexameric replicator in a library 

dissolved in phosphate buffer and 50% TFE as cosolvent and seeded with approximately 5% of octameric replicator; 

(d) Emergence of the octameric replicator in a library dissolved in phosphate buffer and seeded with approximately 

5% of hexameric replicator. 

 

3.3. Conclusions 

By means of a simple continuous-flow setup and through a far-from-equilibrium approach, 

affecting the fitness of the self-replicating species through sudden changes in the environment, 

we have reported for the first time a persistent replicating system, created from its 

components.12 We also demonstrated for the first time that adaptation, similar to that seen in 

biology, can take place at the molecular level with fully synthetic self-replicators. Extinction 

does not occur since the two replicators cross-catalyse and therefore the unfavored replicator 

persists, although in low amounts. These results make a significant step towards the 

achievement of a completely synthetic system capable of undergoing Darwinian evolution.13 

Further development would require a higher level of complexity where a chemical equivalent 

of genetic variation would allow more substantial evolutionary events to take place. Another 

important goal would be the achievement of (sympatric or allopatric) speciation events: our 

group has recently published the observation of self-replicating molecules diversifying and 

giving rise to two sets of replicators of which one is the descendant of the other, but flow 

conditions have not been tested yet in that system.14 Furthermore, it should be possible to 

achieve diversification of the species through competition when a variety of limited resources 

is provided,15 as well as niche partitioning16 with fully synthetic replicators. 
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3.4. Experimental Section 

For materials, UPLC methods, peptide synthesis and the LC-MS analysis of samples made from 

building block 1b, see Chapter 2. 

3.4.1. Methods 

Preparation of the inflow material 

Dynamic combinatorial libraries were prepared by dissolving building block 1b (purchased 

from Cambridge Peptides), in a 50 mM pH 8.2 sodium phosphate buffer with variable 

percentages (0, 50 or 100%) of TFE (2,2,2 trifluoroethanol, purchased from Sigma Aldrich) to a 

final concentration of 0.76 mM. The libraries were then oxidized in one hour in variable 

amounts with a solution of sodium perborate (7.6 mM). The composition of the libraries was 

analyzed using UPLC. The solution was then purged with N2 in one hour and promptly 

transferred to gas-tight Hamilton syringes. The syringes were then placed on the syringe pump 

(Chemyx Fusion 200). 

Preparation of the preliminary flow experiments 

Dynamic combinatorial libraries were prepared by dissolving previously prepared libraries (3.8 

mM) of hexamer and octamer fibers of building block 1b in 50 mM sodium phosphate buffer 

with variable amounts of TFE (0% or 50%) in 1:1 ratio to a final volume of 500 µL and a 

concentration of 0.76 mM in building block with respect to the original samples. The libraries 

were stirred at 600 rpm. Inflow and outflow were performed at 5 µL/h, with a turnover time of 

approximately 4 days. The solvent composition of the libraries was not subjected to change by 

the inflow material. Both the syringe tubes were inserted at the bottom of the vial to facilitate 

the inflow and outflow of material. 

Preparation of the “adaptation” experiments 

Dynamic combinatorial libraries were prepared by dissolving a previously prepared library (3.8 

mM) of hexamer or octamer fibers of building block 1b in 50 mM sodium phosphate buffer 

with variable amounts of TFE (0% or 50%) to a final volume of 500 µL and a concentration of 

0.76 mM in building block with respect to the original samples. The libraries were stirred at 

600 rpm. The inflow and outflow seed rate was set up at 5 µL/h, resulting in a turnover time of 

approximately 4 days. The solvent composition of the libraries was then subjected to changes 

by the different solvent composition of the inflow material. Both the syringe tubes were 

inserted at the bottom of the vial to facilitate the inflow and outflow of material. 
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4.1. Introduction 

The construction of a system that informs on the mechanism that led to the first living entities 

through a bottom-up approach requires the presence of efficient exponential self-replication.1 

Whereas this represents an important challenge when biomolecules (RNA, DNA etc.) are being 

employed because of difficulties related to product inhibition and competing background 

reactions,2 it has been successfully achieved in fully synthetic chemical systems.3  

However, with the perspective to create a platform for continued Darwinian evolution of such 

systems, prevention of spontaneous replicator emergence has to be taken into account. 

Similarly to biological evolution of species, where living entities evolve from their ancestors,4 

replicators need to mutate their features in conditions where spontaneous emergence of new 

inhibitors does not occur so that the only option is to mutate already existing replicators, to 

eventually start a synthetic tree of de-novo life and observe Darwinian evolution at the 

molecular level. To date, there are no literature precedents regarding the suppression of the 

emergence of new replicators. 

In this chapter, we will report on the inhibition of spontaneous emergence of replicators by the 

development of mixed building-block dynamic combinatorial libraries. A preliminary study of 

those libraries in flow setups was carried out in order to detect the best conditions to start 

observing diversification of existing replicator populations in conditions where emergence is 

inhibited. 

 

4.2. Results and Discussion 

4.2.1. Setup of mixed-building block dynamic combinatorial libraries 

We have recently reported the kinetic behavior of a dynamic combinatorial library made of 3,5-

dithiobenzoic acid.3,5 After full oxidation of the library, the building block forms trimeric and 

tetrameric macrocycles, without showing any sigmoidal growth that would be indicative of the 

presence of self-replicating species. In view of inhibiting the emergence of self-replicators, we 

went on to set up libraries composed of both 3,5-dithiobenzoic acid 2 and the peptide building 

block 1a (Figure 4.1). The peptide building block was chosen because it is able to replicate at 

relatively high flow rates (turnover time down to 10 hours). We set up four different libraries 

with different percentages of building block 2 (5, 10, 20 and 30%). All the libraries were 

prepared in borate buffer (50 mM, pH 8.2), at a concentration of 2.0 mM and stirred at 1200 

rpm. We then monitored the composition of the libraries over time by UPLC and observed the 
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emergence of hexameric replicator in the libraries containing of 5 and 10% of building block 2 

(Figure 4.2 a-b). 

 

Figure 4.1. Structure of (a) building block 1a and (b) building block 2. 

 

 

Figure 4.2. Change in product distributions of DCLs (2.0 mM for both 1a and 2 in 50 mM borate buffer, pH 8.2) 

made with different percentages of building block 2: (a) 5%; (b) 10%; (c) 20%; (d) 30%. 

 

Mixed macrocycles, mainly trimers and tetramers rich in building block 1a, were instead 

observed in libraries containing 20 and 30% of 2 (Figure 1c-d). Therefore, inhibition of 

replicator emergence was successfully achieved within this timeframe with the employment of 

a second building block that proved not to self-assemble in replicating species on its own. The 

composition of such libraries resulted in an increased complexification of the system: in total, 

six mixed macrocycles were characterized, but the chromatograms show also other peaks that 

could not be identified by UPLC-MS. The hexamer 1a6 was still formed, although in small 

amount. 
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To investigate whether replication of 1a6 can still take place even though its emergence appears 

inhibited, seeding experiments on the libraries containing 20 and 30% of 2 were performed. 

We oxidized the libraries to 50% with the addition of sodium perborate, and subsequently 

seeded them with 20% of previously formed hexameric replicator 1a6 (Figure 4.3). Following 

the kinetics with UPLC, we could observe the 1a6 was able to replicate, together with the 

formation of mixed species. Therefore, replication still occurs in libraries where we previously 

observed the inhibition of replicator emergence. This is a promising starting point for working 

in far-from-equilibrium flow conditions: the first attempt is described in the next subsection. 

 

Figure 4.3. Seeding-induced growth of self-replicating macrocycle 1a6 under conditions that appear to inhibit its 
emergence. (a) library containing 20% of building block 2; (b) library containing 30% of building block 2. The 
libraries were seeded on day 1 with 20 mol% of 1a6. 

 

4.2.2. Flow experiments to sustain replication 

In order to start building a platform to observe diversification of replicators, we went on to 

investigate to what extent replication of hexamers of 1a would still take place with increasing 

amounts of non-replicating building block 2 in far-from-equilibrium flow conditions. 

Following the procedure described in Chapter 3 (section 3.2.1), we set up pumps to allow for 

the inflow and outflow of material from the vials. Five libraries (500 µL each) were prepared 

starting from 0.76 mM of 1a6 and 2 using different percentages of building block 2: 20, 50, 70 

and 90% plus a control experiment with only hexameric replicator. In these conditions, 

replicator emergence is inhibited, but the seeding experiments described in the previous 

subsection have shown replication can still occur, at least when the percentage of building 

block 2 is up to 30%. The concentration of both the libraries and the inflow material was 0.76 

mM, and the flow rate was set at 20 µL/h in order to have a turnover time of circa one day for a 

sample volume of 500 µL. The inflow material was prepared in a glovebox (i.e. an oxygen-free, 
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but in this case not a water-free, environment), in order to avoid the emergence of the 

hexamer in the syringes that would alter the composition of the libraries afterwards. 

The control experiment shows that the hexamer is able to sustain its own formation over the 

flow regime (Figure 4.4) for at least four turnovers. When analyzing the mixed libraries, we 

encountered problems with the identification of the peaks related to 1a6 and 2, often resulting 

in peak overlap. Thus, we cannot provide detailed kinetics for the flow experiments. 
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Figure 4.4. Control experiment on the sustainment of 1a6 in flow conditions shows the hexamer is able to maintain 
its own population over the flow regime. 

 

To check whether 1a6 was still present in the libraries, at day 4 we analyzed them with a UPLC 

method (see Experimental Section) that applies a much slower gradient of water and 

acetonitrile and can therefore separate properly 1a6 and 2, although the separation of the 

mixed species, 23 and 24 was not achieved. We then compared the chromatograms with a 1a6 

reference, and found that 1a6 had not been able to sustain itself (Figure 4.5a); instead we 

observed an accumulation of the monomers of both 1a and 2, the formation of 23, 24 and mixed 

trimeric and tetrameric species (an example of the composition of the libraries is provided in 

Figure 4.5b). 
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Figure 4.5. (a) UPLC traces of building block 1a (circa 7.1 minutes) and 2 (circa 9 minutes) at day 4 under 
continuous flow conditions compared to the UPLC trace of replicator 1a6 (circa 9.5 minutes); (b) UPLC trace of a 
library at day 4 under continuous flow conditions where the inflow material is composed of 70% of building block 2. 
With the UPLC method used to obtain this chromatogram, we were not able to detect separately 1a6 and 2. 

 

4.3. Conclusions 

We made our first attempt towards the increase in complexity of our replicating system, as a 

first step towards building a platform to observe diversification in out-of-equilibrium 

conditions and ultimately Darwinian evolution of fully synthetic replicators. First, we 

identified the conditions for which emergence of 1a6 did not take place on the timescale of the 

experiment. This represents a crucial requirement in order to avoid any competitive reaction 

when aiming to achieve Darwinian evolution. Emergence inhibition of 1a6 appeared to be 

successfully achieved when libraries were composed of more than 20% of a second building 

block which, by itself, forms non-replicating macrocycles. However, the libraries should be 

monitored for a longer timeframe, since the emergence of the replicator might be slower in the 

presence of the second building block, but still potentially possible. The libraries should be 

kept in a glovebox, with a fixed and constant amount of free thiol in order to keep them 

dynamic and monitor their composition for several months. Seeding experiments performed in 

conditions where emergence does not appear to take place have shown replication can still 

occur. 

Subjecting the replicator to continuous-flow conditions with different amounts of 2 and 1a did 

not result in sustaining 1a6 over time. Method optimization is required in order to provide 

reliable kinetics of the libraries. Furthermore, experimental conditions have to be fine-tuned in 

order to allow the replicator to maintain its population over the flow regime. Once this last 
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requirement has been addressed, it will be possible to start addressing long-lasting questions 

related to the complexification of synthetic non-living replicators that may eventually result in 

the emergence of protocells. 
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4.5. Experimental Section 

4.5.1. Materials 

See Chapter 2. 

4.5.2. General Methods 

Peptide synthesis 

Peptides 1a6 [synthesized by Cambridge Peptides Ltd (Birmingham, UK) from 3,5-

bis(tritylthio)benzoic acid] and building block 25 were prepared and characterized via 

previously reported procedures. All peptides showed purity higher than 85%. Impurities were 

mostly due to oxidation of thiols to disulfides (i.e. dimer, trimer). 

Library preparation and sampling 

Libraries containing mixtures of building blocks 1a and 2 were prepared from mother solutions 

of 4.0 mM. Those were appropriately diluted to a concentration of 2.0 mM in borate buffer (50 

mM, pH 8.2) to give libraries containing 2 in 5.0, 10, 20 and 30 mol%. Where necessary, the pH 

of the solution was adjusted by the addition of 2.0 M KOH solution such that the final pH was 

8.2. 

Libraries subjected to flow conditions were prepared by dilution of 3.8 mM libraries containing 

hexameric replicator of 1a and 4.0 mM libraries of building block 2. The libraries were diluted 

with borate buffer (50 mM, pH 8.2) in order to achieve a final concentration of 0.76 mM and a 

composition of 0, 20, 50, 70 and 90% of 2. 
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The volume of each library was 500 µL. Each solution was allowed to equilibrate in an HPLC 

vial (12 x 32 mm) with a Teflon-lined snap cap. All the samples contained a cylindrical micro-

stirrer bar (2 x 5 mm, Teflon-coated, purchased from VWR) and were stirred at 600 rpm (flow 

experiments) or 1200 rpm (without flow) using an IKA RCT basic hotplate stirrer. All the 

experiments were performed at ambient temperature. A small aliquot of each sample was 

removed to another vial and diluted 20 times with double distilled water prior to UPLC or LC-

MS analysis. 

Preparation of the inflow material 

Dynamic combinatorial libraries were prepared under an inert atmosphere (glovebox, water 

allowed) by diluting a 4.0 mM solution of building block 1a [prepared with 50 mM pH 8.2 

sodium borate buffer and oxidized to 50% in one hour with sodium perborate (40 mM)] 

together with the dilution of a 4.0 mM solution of building block 2 in variable percentages (0, 

20, 50 70 and 90%), to reach a final concentration of 0.76 mM. The composition of the libraries 

was analysed with UPLC. Each solution was then transferred to gas-tight Hamilton syringes 

while still in the glovebox. The syringes were then placed on the syringe pump (Chemyx 

Fusion 200) and promptly used. 

UPLC and LC-MS analyses 

UPLC analyses were performed on a Waters Acquity H-class equipped with diode array UV/Vis 

detector. LC-MS analyses were performed on a Xevo G2 UPLC/TOF with ESI ionization, 

manufactured by Waters. All analyses were performed at 35 °C using a reversed-phase UPLC 

column (Phenomenex Aeris Peptide, 2.1 x 150 mm; 1.7 µm). UV absorbance was monitored at 

254 nm. Positive-ion mass spectra were acquired using electro-spray ionization. Injection 

volume: 5 µL of freshly aliquoted sample; column temperature: 35 °C; flow rate: 0.3 mL/min. 

UPLC methods 

Solutions containing peptide 1a mixed with building block 2 and their oxidation products were 

analyzed using the following method (linear gradient): 

Solvent A: ULC/MS grade water purchased from Biosolve (0.1% trifluoroacetic acid added) 

Solvent B: ULC/MS grade acetonitrile purchased from Biosolve (0.1% trifluoroacetic acid 

added) 
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Method for the identification of all the 

species 

Method for the separation of 1a6 and 2 

 

Time (min) A% B% 

0 90 10 

1 90 10 

1.3 75 25 

3 72 28 

16 55 45 

20 40 60 

20.30 5 95 

24 5 95 

24.30 90 10 

27 90 10 

 

Time (min) A% B% 

0 90 10 

1 90 10 

1.3 75 25 

3 72 28 

11 60 40 

11.5 5 95 

12 5 95 

12.5 90 10 

17 90 10 

   

 

 

LC-MS analysis of 1a-2 mixtures 

 

 

Figure 4.6. Mass spectrum of cyclic trimer 1a-22 from the LC-MS analysis of a stirred library made from peptide 1a 

and 2. Calculated isotopic profile (species, abundance): 1125.42 (M, 100%), 1126.42 (M+1, 54.1%), 1127.42 (M+2, 27.1%); 

m/z calculated: 1126.42 (M+1H)
+
; m/z observed: 1126.7 (M+1H)

+
. 
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Figure 4.7. Mass spectrum of cyclic trimer 1a2-2 from the LC-MS analysis of a stirred library made from peptide 1a 

and 2. Calculated isotopic profile (species, abundance): 1699.17 (M, 100%), 1700.17 (M+1, 85.4%), 1701.17 (M+2, 36%); 

m/z calculated: 850.59 (M+2H)
2+

; m/z observed: 850.64 (M+2H)
2+

. 

 

 

Figure 4.8. Mass spectrum of cyclic tetramer 1a2-22 from the LC-MS analysis of a stirred library made from peptide 

1a and 2. Calculated isotopic profile (species, abundance): 1883.32 (M, 100%), 1884.32 (M+1, 93%), 1885.32 (M+2, 

42.8%); m/z calculated: 943.16 [(M+1)+2H)]
2+

; m/z observed: 943.17 [(M+1)+2H]
2+

. 
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Figure 4.9. Mass spectrum of cyclic tetramer 1a3-2 from the LC-MS analysis of a stirred library made from peptide 1a 

and 2. Calculated isotopic profile (species, abundance): 2457.97 (M+1, 100%), 2456.97 (M, 80.4%), 2459.97 (M+3, 

36.2%); m/z calculated: 1230.49 [(M+2)+2H)]
2+

; m/z observed: 1230.48 [(M+2)+2H]
2+

. 

 

 

 

Figure 4.10. Mass spectrum of cyclic pentamer  1a3-22 from the LC-MS analysis of a stirred library made from 

peptide 1a and 2. Calculated isotopic profile (species, abundance): 2642.02 (M+1, 100%), 2641.02 (M, 75.8%), 2644.02 

(M+3, 45.2%); m/z calculated: 1322.01 [(M+1)+2H]
2+

; m/z observed: 1321.99[(M+1)+2H]
2+

. 

 

 



 

 

78 Chapter 4 

 

Figure 4.11. Mass spectrum of cyclic hexamer  1a5-2 from the LC-MS analysis of a stirred library made from peptide 

1a and 2. Calculated isotopic profile (species, abundance): 3974.09 (M+2, 100%), 3973.09 (M+1, 99.4%), 3976.09 

(M+4, 54.2%), 3975.09 (M+3, 53.9%), 3972.09 (M, 49.2%); m/z calculated: 1326.03 [(M+3)+3H]
3+

; m/z observed: 

1326.07 [(M+3)+3H]
3+

. 
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5.1 Introduction 

The control over the structure and the uniformity of assemblies of molecules is of crucial 

importance within the field of material science, since the physical characteristics of the final 

products are strongly influenced by changes in their molecular structure. Supramolecular 

polymers1 in particular have proven to have interesting properties (as self-healing) and have 

found application in molecular electronics and regenerative medicine.1a Whereas classical 

polymers (i.e. covalently bonded polymers) can be produced with narrow polydispersity 

indexes, this has proven to be a difficult task for supramolecular polymers, due to the non-

covalent and therefore labile nature of their bonds. 

In the production of supramolecular polymers, kinetic control of self-assembly pathways2 can 

lead to multiple products starting from the same precursors and may also enable control over 

the dimension and structure of the resulting assemblies. For example, Meijer and coworkers 

reported in 2012 a system where chiral phenylenevinylene oligomers (employed in the 

construction of electronic devices) could assemble with opposite helicity through two parallel 

and competing pathways.3 Through their analogy with initiation-propagation mechanisms in 

living polymerization, nucleation-elongation mechanisms4 based on noncovalent interactions 

have shown the potential of producing assemblies with a precise control over length. However, 

such systems are unprecedented for self-synthesizing materials. Control over the 

polydispersity of the nuclei, prevention of spontaneous nucleation, and the stability of the 

resulting supramolecular, self-synthesizing materials remain major challenges. 

In this chapter, apart from investigating the mechanisms of nucleation and growth of the self-

replicating fibers that were discussed in Chapter 1 of this thesis, we demonstrate that a nearly 

perfect control over nucleation allows an excellent control over the length and structure of the 

resulting assemblies. The uniform seeds were produced through two methods, mechanical 

shearing or chemical degradation. Following a nucleation-elongation mechanism, we could 

achieve a precise control over the length of the resulting assemblies with very narrow 

polydispersity indexes. The living supramolecular polymerization of the self-synthesizing fibers 

was demonstrated through a stepwise addition of the monomer to the seeds, and we could 

access B-A-B triblock co-assemblies using two building blocks. Finally, through irradiation of 

the samples with UV light inducing the covalent capture of the constituents of the fibers, the 

resulting assemblies could be stabilized, and the polydispersity indexes fixed at excellent 

values. 
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5.2 Results and Discussion 

5.2.1 Mechanical and chemical control over fibers length 

In our previous work5 we could produce fibers of 1a and 1d from stirred dynamic combinatorial 

libraries (Figure 5.1a) that were polydisperse due to a poorly controllable combination of 

primary and secondary nucleation (Figure 5.1b). 

 

Figure 5.1. (a) Dynamic combinatorial library of peptide-based building blocks 1a and 1d. Upon the oxidation of the 

building blocks, a mixture of macrocycles was formed, of which only trimer, tetramer and hexamer are shown; (b) 

Histogram for the length distribution of the hexamer fiber seeds stirred with a magnetic stirrer at 1200 rpm. The 

distribution is rather broad and gives rise to weight average length Lw=582 nm, number average length Ln=465 nm 

and polydispersity (PDI) value of 1.25. 

 

Our protocol for obtaining monodisperse supramolecular polymers consists in the addition of 

monodisperse hexamer fibers (the seed) to solutions of 1a containing mainly trimers and 

tetramers (for an explanation of the seed experiments, see section 1.3.2). To produce the 

homogeneous seeds, we used a specially designed Couette cell,6 with which fibers can be 

subjected to a high shear stress (Figure 5.2). The shear stress can be controlled and, at low 

shear rates, applied uniformly to the whole sample. This tool has been mainly used in fluid 

mechanics, but also for the study of biological systems.7 Samples containing fibers of 1a were 
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prepared at a concentration of 3.8 mM in borate buffer (pH 8.2, 50 mM) and subjected to shear 

rates of 4712, 16850, 33702 and 67405 s-1 for 30 minutes respectively, well above the Taylor-

Couette laminar flow regime.6 Fiber length distributions obtained from TEM pictures showed 

that higher torques resulted in shorter fibers (Figure 5.3) (see Experimental Section of this 

chapter for details on how length distributions were determined). 

 

Figure 5.2. (a) Scheme of a Couette cell apparatus showing the internal cylinder that can rotate and creates shear 

forces; (b) Picture of the home-built Couette cell used in this study. 

 

The resulting fibers length was inversely proportional to the shear applied, reaching a value of 

number average fiber length Ln = 60 nm when shearing at 67405 s-1. The polydispersity index 

(PDI), derived from the ratio Lw/Ln (weight / number average fiber length), is a parameter in 

materials science to quantify the variability in the length of polymers in general. PDI values 

range from 1.00 (perfect monodispersity) upwards. The experiments performed gave a PDI of 

1.04, which represents an outstanding result if compared to other supramolecular polymers1a 

and to the magnetically stirred (1200 rpm) seeds we had previously formed, which had an Ln of 

465 nm with PDI = 1.25 (Figure 5.1). 

We also developed a second approach to control seed lengths. This is based on the chemical 

disassembly of fibers by reduction of the disulfide bonds of the macrocycles at the fiber ends 

mediated by dithiothreitol (DTT) (Figure 5.4). Starting from seeds with Ln = 60 nm (the 

shortest we could get from the experiments with the couette cell), we added DTT in different 

amounts. The reduction, expressed in percentage of initial hexamer, was found to be 16%, 31% 

and 42% respectively as monitored by UPLC (Figure 5.4b-e). 
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Figure 5.3. Histograms showing the length distribution of fiber seeds upon application of shear rates of (a) 4712, (b) 

16850, (c) 33702 and (d) 67405 s
-1
 using a Couette cell setup. Fiber lengths values get shortened upon applying 

higher shear rates. Lw, Ln (in nm) and PDI values respectively: (a) 227, 200, 1.14; (b) 113, 106, 1.07; (c) 86, 82, 1.05 and 

(d) 63, 61, 1.03. (e-h) Negative-stained TEM images for hexamer seeds of 1a sheared with shear rates (e) 4210, (f) 

16850, (g) 33702 and (h) 67405 s
-1
. 

 

TEM experiments were performed after 24 hours in order to measure the length distribution of 

the resulting fibers: we found a linear decrease of Ln and Lw values with an increase in the 

reduction percentage, while the PDI values were unaffected and smaller than 1.05 (Figure 5.5a). 

With this approach, we could obtain seeds which are 13%, 30% and 35% shorter, respectively, 

than the minimum length that could be obtained by mechanical agitation alone. We 

performed the same experiment on longer fibers (Ln = 106 nm), successfully shortening these 

without adversely affecting the PDI values (smaller than 1.08) (Figure 5.5b). 
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Figure 5.4. (a) Schematic representation of the DTT-mediated reaction at the fiber ends causing the reduction of 

the disulfide bonds. UPLC traces of hexamer seeds (1a) 10 min after the addition of different amounts of DTT. The 

hexamer content in the samples are reduced by (b) 0%, (c) 16%, (d) 31% and (e) 42%. 

 

 

Figure 5.5. Average seed lengths and PDI values upon partial DTT-mediated reduction for the seeds produced at 

shear rates of (a) 67405 s
-1
; (b) 16850 s

-1
. 
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5.2.2 Covalent capture of self-synthesizing fibers 

To probe the stability of the seeds with aging and the kinetics of end-to-end recombination,8,9 

short seeds of Ln ~ 60 nm were incubated without any agitation. We observed that the length 

distribution of the resulting seeds did not change during the first two days, but the average 

fiber length values gradually increased afterwards, as did the PDI values (Figure 5.6 and 

Experimental Section). Thus, the length distribution of the sheared seeds does not broaden 

significantly within two days after shearing: this constitutes a convenient time frame for 

seeding-mediated elongation experiments. 

In order to stabilize the fibers for a longer time and to avoid end-to-end recombination 

processes, we modified a previously reported protocol10 irradiating samples with fiber lengths 

of 140 and 62 nm at 312 nm for only 12 hours to avoid the gel formation. This resulted in the 

homolytic cleavage of the disulfide bonds.11 The resulting sulfur-based radicals can then react 

with adjacent disulfide bonds causing disulfide macrocycles to convert to larger disulfide 

oligomers, enhancing the stability of the fibers. Figure 5.6 shows that, indeed, photoirradiation 

improves the stability of the fibers preventing end-to-end recombination for a longer period of 

time. 
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Figure 5.6. (a) Comparison of time dependence of the average fiber lengths of noncovalent hexamer fibers and 

covalently fixed fibers (Ln= 140 nm and 62 nm). (b) Average fiber lengths of noncovalent hexamer fibers (62 nm) 

during the first two days; (c,d) PDI obtained from the average lengths (140 nm and 62 nm). Covalent fixation was 

done by irradiating the fibers with UV light (312 nm) for 12 hours. Lw, Ln and PDI are denoted by black, red and blue 

traces, respectively. 
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5.2.3 Controlled and living supramolecular polymerization 

Having achieved excellent control over the length distribution of preformed fibers, we then 

aimed to achieve fiber growth while retaining the excellent PDI values. We first prepared a 

3mer/4mer solution (3.8 mM, pH 8.2 in borate buffer) made by oxidizing the monomer 

building block 1a with DTT to convert 95% of the thiols to disulfides. Without agitation and in 

an inert atmosphere, no spontaneous formation of fibers could be detected. We then added 

different amounts of 3mer/4mer mixture (0.25, 1.5, 4 and 9 eq, respectively) to solutions of the 

short seeds (Ln = 60 nm) and fibers were then allowed to grow un-agitated for one day (Figure 

5.7). TEM micrographs were recorded for each of the four libraries (Figure 5.7). 

 

 

Figure 5.7. Representation of the controlled growth experiment with different ratio of seed and 3mer/4mer mixture 

to obtain fibers (formed from 1a) of different lengths. Seed: 3 /4mer (a) 1:9, (b) 1:4, (c) 1:1.5 and (d) 1:0.25. TEM 

micrographs of the resulting fibers (e) 1:9, (f) 1:4, (g) 1:1.5 and (h) 1:0.25. 
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UPLC analysis12 showed that at least 95% of the total material in the mixture was converted to 

hexameric replicators. Length distribution analysis of the fibers indicates a linear correlation 

between Lw, Ln and the amount of 3mer/4mer mixture added (Figure 5.8) with almost retained 

PDI values in the range of 1.04 to 1.06. Therefore, we could achieve good control over fibers 

length distribution also during their growth. 
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Figure 5.8. Controlled supramolecular polymerization to furnish different fiber lengths with 0, 0.25 eq, 1.5 eq, 4 eq 

and 9 eq of 3/4mer mixture added to the seed. 

 

Finally, to prove the living nature of the supramolecular polymerization in the fiber formation, 

we aimed to develop an experimental setup in which we could add the 3mer/4mer solution 

multiple times without losing control over the fibers length distribution (Figure 5.9). At the 

end of each cycle we expected an elongation of the fibers by a factor of 2 without affecting the 

PDI values. This time, we mixed the 3mer/4mer solution, prepared as described above, in a 1:1 

ratio with short seeds (60 nm) (Figure 5.9). We then monitored the mixture by UPLC over 

time until the hexamer macrocycles accounted for at least 90% of the total material in the 

system (Figure 5.10c). At that point, half of the solution was removed and analyzed by TEM in 

order to determine the length distribution. The next cycle then started with the addition of a 

further equivalent of 3mer/4mer solution followed by TEM analysis (Figure 5.10a). In total, four 

consecutive equivalents of 3mer/4mer mixture were added following this protocol. 

We have observed a decrease in the rate of hexamer formation with every cycle (Figure 5.10 c): 

this accounts for the fact that we were decreasing the concentration of the fibers by half with 

every cycle. The length distribution gave excellent PDI values for all the cycles (between 1.04 

and 1.09, Figure 5.10 b). 
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Figure 5.9. Schematic representation of the growth of self-synthesizing fibers of 1a upon sequential addition of 

3mer/4mer solutions. In every cycle, half of the volume of fiber solution was removed and replaced by the 

3mer/4mer mixture. 
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Figure 5.10. (a) Weight-average length (Lw), number average length (Ln) and (b) PDI values of the seed and of the 

fibers after subsequent additions of 3mer/4mer mixture. (c) Initial time course and final measurement for the self-

replication of the hexamer indicative of continued fiber growth following each addition of 3mer/4mer mixture (3.8 

mM initial monomer concentration, seed:3 /4mer ratio = 1:1. Every addition step was performed when the library 

composition was at least 90% hexamer.  
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5.2.4 Formation of B-A-B triblock copolymers 

The cycle experiments proved the living nature of the fibers ends. We reasoned we could 

achieve the formation of mixed block co-polymers simply by using two different building 

blocks, 1a and 1d. Following the protocol described in the previous sub-chapter, we prepared 

the 3mer/4mer mixture of building block 1a with hexameric fibers of 1d in a 3mer/ 4mer:seed 

ratio 3:1. We were expecting to create a supramolecular triblock copolymer with a central core 

of hexamers of 1d linked to hexamers of 1a on both sides (Figure 5.11). However, we were not 

able to visualize the formation of the block-copolymer with TEM experiments, since fibers 

from the two building blocks have similar diameter and contrast. Therefore, we made use of 

DTT in order to achieve partial reduction of the fiber ends. Fibers were reduced from the ends 

and we could prove the formation of the copolymers through a UPLC analysis of the area of 

the two hexameric species (Figure 5.11c-e). We observed that upon increasing the percentage of 

reduction from 0% to 20%, the hexamer peak area of 1a decreased accordingly, while the peak 

area of 1d was almost unchanged since it constitutes the core of the fibers. 

 

Figure 5.11. (a) Schematic representation of the hexameric triblock co-fibers of 1a6-1d6-1a6. (b) DTT-mediated partial 

reduction from the fiber ends for the supramolecular triblock co-polymer of composition 1a6-1d6-1a6, prepared using 

a 3 /4mer:seed 1d6 ratio of 3:1. UPLC traces (monitored at 254 nm) of the product mixture obtained by addition of 

pre-existing hexamer fibers of 1d6 to a 3mer/4mer mixture made from 1a (c) after 5 min with no agitation, (d) after 2 

days with no agitation (e) after 10 mol% DTT was added to the fibers of 1a6-1d6-1a6. UPLC analysis was performed 25 

min after DTT addition. 
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A control experiment was performed, mixing preformed fibers of both the building blocks (3:1 

ratio) and reducing the resulting solution with DTT from 0% to 20% as well (Figure 5.12). This 

time both the hexamers were reduced to the same extent with an increase in the amount of 

added DTT. Thus, this allows us to prove the formation of block co-polymers using self-

synthesizing fibers. 

 

 

Figure 5.12. (a) Cartoon representations composition of a control experiment containing separate hexameric fibers 

of 1a6 and 1d6. (b) DTT-mediated partial reduction from the fiber ends for the mixture of separate hexameric fibers 

of 1a6 and 1d6 (molar ratio 3:1). UPLC trace (monitored at 254 nm) of the product mixture obtained by mixing pre-

existing fibers formed from 1a6 and 1d6 (c) after 1 day with no agitation, 0 mol% DTT (d) after 1 day with no 

agitation, 10 mol% DTT. UPLC was recorded 25 min after DTT addition. 

 

5.3 Conclusions 

We have demonstrated that self-synthesizing systems allow access to supramolecular polymers 

of well-defined and controllable lengths, including block-copolymers. The resulting assemblies 

may be also covalently fixed by photoirradiation. The fact that spontaneous self-assembly (i.e. 

unassisted by seeds) is extremely slow is essential for the success of this approach because the 

self-assembling molecules are only minor species in the dynamic mixture prior to nucleation: 

nucleation of the assemblies constitutes therefore a kinetic bottleneck. Control over fiber 
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length could be exerted by mechanical and chemical means to produce highly uniform and 

sufficiently stable seeds, from which well-defined materials can then be grown, with the 

reversible covalent chemistry producing more of the assembling molecules as the growth 

proceeds. The physical properties of the resulting materials have been investigated in our 

group and will soon be submitted for publication.13 This work establishes a new platform for 

the production of precise self-assembled materials combining the advantages of dynamic 

covalent chemistry and self-assembly. 
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5.5 Experimental Section 

5.5.1 Materials 

Building blocks, 1a and 1d (>95% purity) were obtained from Cambridge Peptides 

(Birmingham, UK). Doubly distilled water was used for all solutions. Boric acid and potassium 

hydroxide, utilized for the preparation of buffers and pH adjustment were obtained from Acros 

Organics and Merck Chemicals, respectively. Acetonitrile (HPLC-S/LC-MS grade) and 

trifluoroacetic acid were purchased from Bisolve BV. 

5.5.2 General Methods 

UPLC Analysis 

UPLC analyses were performed on a Waters Acquity H-class instrument equipped with a diode 

array UV/Vis detector. LC-MS analyses were performed on a Xevo G2 UPLC/TOF with ESI 

ionization, manufactured by Waters. All analyses were performed at 35 °C using a reversed-

phase UPLC column (Phenomenex Aeris Peptide, 2.1 x 150 mm; 1.7 µm). UV absorbance was 
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monitored at 254 nm. Positive-ion mass spectra were acquired using electro-spray ionization, 

injecting 10 µL of freshly aliquoted sample; column temperature 35 °C; flow rate 0.3 mL/min. 

The eluents, water (A) and acetonitrile (B) contained 0.1% of TFA as an additive. 

The library components were eluted with a gradient as follows: 

Time (min) A% B% 

0 90 10 
1 90 10 
1.3 75 25 
3 72 28 
11 60 40 
11.5 5 95 
12 5 95 
12.5 90 10 
17 90 10 

 

Library preparation and seeding 

Dynamic combinatorial libraries were prepared by dissolving building block 1a in 50 mM 

potassium borate buffer to a final concentration of 3.8 mM. The pH of the resulting solution 

was adjusted to 7.8 by addition of small amounts of a 2.0 M KOH solution. The library was 

then oxidized up to 70% using a freshly prepared solution of sodium perborate (40 mM, pH 

7.8) to give a mixture of monomer, trimer and tetramer. This mixture was seeded with 20 

mol% (in terms of equivalents of 1a) of a pre-formed library rich in the hexamer of 1a6 which 

had been continuously stirred at 1200 rpm. All libraries were contained in HPLC vials tightly 

closed with Teflon-lined snap caps. The libraries were stirred at 1200 rpm using a Teflon coated 

magnetic stirrer bar (5 x 2 mm, obtained from VWR), on an IKA RCT basic magnetic stir plate. 

Library compositions were monitored by UPLC. 

Short seed formation 

An aliquot of 0.25 mL of the above library was placed in a Couette cell (Rcup= 20.25 mm, Rbob = 

20 mm, average radius (R) = 20.125 mm, gap (∆R) = 0.25 mm and rotated with rotational 

frequencies (f) 500, 2000, 4000 and 8000 rpm for 30 min. These correspond to shear rates (γ) of 

4712, 16850, 33702 and 67405 s-1 calculated using equations 1 and 2, 

� = 2�� (1) 

 =
��

∆�
  (2) 
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Living polymerization: cycle experiments 

Short hexamer seeds of 1a6 were prepared by Couette shearing the sample at a shear rate of 

67405 s-1 for 30 minutes. The length distribution of the seeds was determined by TEM. 

Simultaneously, we oxidized monomer building block (95% of oxidation) to make an 

equilibrium solution of monomer, trimer and tetramer. 

Seeds and 3mer/4mer mixture were mixed 1:1 in ratio and incubated without agitation. The 

composition of the mixture was monitored by UPLC. We waited for the hexamer fibers to grow 

until they accounted for more than 95% of the composition as determined by UPLC. TEM was 

recorded at this stage. Half the volume of the 1st cycle mixture was set aside for TEM analysis 

and the other half was used as seed and was mixed with 3mer/4mer mixture in 1:1 ratio. This 

process was repeated for three more cycles. TEM images were analyzed at every stage to obtain 

the average length of the fibers (Ln and Lw). Increase in the length of the fibers was similar for 

each cycle and directly proportional to the amount of food added (in every cycle food was 

added at the same concentration and volume). 

Mixed block supramolecular co-polymer formation 

To a solution of 1a containing mostly trimer and tetramer (192 μL, 3.8 mM) obtained by 

oxidizing a solution of 1a with sodium perborate, a solution containing pre-existing hexamer 

seeds of 1d6 (72 μL, 3.4 mM) was added. The mixture was incubated without agitation to give 

mixed block co-fiber of 1a6-1d6-1a6. As a control sample, to a solution containing hexamer 

fibers of 1a6 (120 μL, 3.8 mM), a solution of pre-existing hexamer seeds of 1d6 (45 μL, 3.4 mM) 

was added and the mixture was incubated without agitation. Both samples were monitored by 

UPLC over a period of two days following the addition of the seeds. 

Partial Reduction of the Mixed block by DTT 

An aliquot of 6 μL of mixed block co-fiber sample (1a6-1d6-1a6) solution was added to 180 μL 

H2O, and then different aliquots of DDT solution were added to reduce 5, 10, 15 or 20% of the 

fibrils. The solution was left for 25-30 min and then analyzed by UPLC. 

Negative-staining Transmission Electron Microscopy 

Samples were diluted 100 times using doubly distilled water. A small drop (5 µL) of sample was 

then deposited on a 400 mesh copper grid covered with a thin carbon film (supplied by Agar 

Scientific). After 30 seconds, the droplet was blotted on filter paper. The sample was then 

stained twice (4 µL each time) with a solution of 2% uranyl acetate deposited on the grid and 
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blotted on filter paper after 30 seconds each time. The grids were observed in a Philips CM120 

electron microscope operating at 120 kV. Images were recorded on a slow scan CCD camera. 

Analysis of the length distributions 

The analysis of the length distributions of the fibers were performed using image-J software, 

from the U.S. National Institutes of Health. From different area of the images 100 fibers were 

selected and a histogram was created by choosing bin and frequency in Microsoft Excel. The 

average length and PDI were estimated by calculating number average fiber length (Ln) and 

weight average fiber length (Lw) using equations 3-5. From measurements of the contour 

lengths (Li) of individual fiber, where Ni is the number of fibers of length Li, and n is the 

number of fibers examined in each sample, 

 �� =
∑ ����
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The length distribution was characterized by PDI index, 

��� =
� 

��
   (5) 

Covalent capture of the fibers 

Seeds of 1a6 were Couette sheared at a shear rate of 67405 s-1 for 30 min. Then they were 

diluted 10 times with water and placed in a quartz sample vial and irradiated with 312 nm using 

a UV lamp (8 W) for 12 hr. Also, the hexamer fibers obtained after incubating the short seeds 

with “food” (ratio 1:1) was irradiated in a similar manner. Length distributions of both the non-

irradiated and irradiated fibers were monitored over time using TEM. 
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5.6 Appendix 

Histograms for experiments on DTT-mediated disassembly of the fibers 

 

Figure 5.13. Histograms for the length distribution of hexamer seeds (1a6) obtained upon chemically reducing a 

sample of hexamer seed (sheared at 67405 s
-1
) with (a) 0; (b) 16; (c) 31; (d) 42% reduction using DTT. 

 

 

 

Figure 5.14. Histograms for the length distribution of hexamer seeds (1a6) obtained upon reducing a sample of 

hexamer seed sheared at 16850 s
-1
 with (a) 0; (b) 20; (c) 30; (d) 40% of DTT. 
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Histograms for controlled supramolecular polymerization 

 

Figure 5.15. Histograms for the length distribution of the resulting hexamer fibers (1a6) obtained upon incubating 

seeds of 1a6 sheared at 67405 s
-1
 with a non-agitated solution containing (a) 0, (b) 0.25 eq, (c) 1.5 eq, (d) 4 eq and (e) 

9 eq of 3mer/4mer mixture. 

 

 

Histograms for living supramolecular polymerization 

 

Figure 5.16. Histograms for length distribution of hexamer seeds (1a6) used in different cycles of living 

polymerization. As the cycle number increases, the spread in lengths increases and average length shifts towards 

higher values. 



 

 

97 Controlling the Structure and Dimension of Self-Synthesizing Supramolecular 
Polymers through Nucleated Growth and Disassembly 

 

Histograms of covalently captured self-synthesizing fibers 

 

Figure 5.17. Histograms of length distributions of covalently fixed hexamer fibers (1a6) of Ln = 62 nm after they were 

incubated without agitation for different periods of time. 

 

 

 

Figure 5.18. Histograms of length distributions of covalently fixed hexamer fibers (1a6) of Ln = 140 nm after they 

were incubated without agitation for different periods of time. 
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Figure 5.19. Histograms of length distributions of hexamer fibers (1a6) of Ln = 132 nm after they were incubated 

without agitation for different periods of time. 
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6.1. Research overview 

The driving force leading to this thesis is the development of a fully-synthetic chemical system 

capable of undergoing Darwinian evolution. This ultimate goal is of great relevance because it 

would inform on how life may have originated from inanimate matter through an increase in 

complexity and integration of self-replicating chemical networks. Another relevant 

achievement would be the development of complex systems bearing new emergent properties, 

useful, for example, for biomedical applications. 

One of the main difficulties in this research area is related to the definition of life itself: how to 

develop and study a system that is currently not properly defined. In Chapter 1 we reviewed the 

most important viewpoints regarding a definition of life, and reported examples of the 

experimental work toward the construction of self-sustained systems. We also provided 

examples of supramolecular polymers showing emergent functions. 

Our group has recently discovered a class of self-replicating molecules emerging from dynamic 

combinatorial libraries of peptide-based building blocks. These systems provide an excellent 

platform to study experimentally whether completely synthetic entities could show behaviour 

previously considered unique to biology. In Chapter 2 we were subjecting some of those 

libraries to a different environmental conditions using trifluoroethanol (TFE) as cosolvent, and 

detected the emergence of a new self-replicator. This result proved that the environment 

dictates which species arises, and allowed us to develop systems where different self-

replicators arise from a common source depending on the solvent composition of the library. 

Work in Chapter 3 was built on these outcomes. Since living entities operate far-from-

equilibrium, we went on to explore the behaviour of the self-replicators with a continuous 

inflow of starting material and outflow in order to discover emergent properties. We let the 

replicators competing for common resources in specific environments, observing the 

population of the fittest replicator mutant was increasing over the flow regime, whereas the 

less favored mutant was fading to be barely detected by UPLC. Therefore, the replicators 

adapted to the changing environment. Computational studies have shown extinction occurs if 

the replicators do not cross seed. Fully synthetic chemical systems of replicators can therefore 

respond to changes in environment by modifying their structure. 

Chapter 4 reported on the first attempts to increase the complexity of the system. Similarly to 

current biological systems, where emergence of new species occurs through adaptation of their 

ancestors, we went on to prevent spontaneous emergence of replicators through the 

development of mixed-building blocks libraries. We then checked with seeding experiments 
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whether replication would still take place in those conditions, with a view to also sustain 

replicator populations in far-from-equilibrium conditions. To start the complexification of the 

system, we subjected the libraries to flow conditions hoping that the replicators are still able to 

maintain their population in conditions where emergence is inhibited. The preliminary 

experiments showed that the replicator was not able to keep up with the outflow flowrate and 

maintain its population over time: other investigations are required to identify less challenging 

conditions. 

To further demonstrate the versatility of self-replication coupled to self-assembly, we 

described in Chapter 5 a set of experiments on the control of length distribution, growth and 

sequence of self-synthesizing supramolecular polymers arising from dynamic combinatorial 

libraries. The kinetic control over formation of the assemblies was key to exert excellent 

control over their length and polydispersity and to achieve the formation of block co-polymers. 

The results are particularly significant given the current challenge in the field of 

supramolecular polymers to produce assemblies where length and sequence can be controlled 

and therefore the properties of the resulting materials can be tuned. 

 

6.2. Perspectives 

Having performed research in the emerging area of Systems Chemistry, we are particularly 

called to give some perspectives on how to further explore the promising Systems, bottom-up 

approach to the origin of life. 

To start, the prebiotic plausibility of the starting material could be taken into account when 

designing new molecular networks. This is not an essential requirement though, since any 

system that incorporates self-replication, metabolism and compartmentalization can in 

principle be defined as living. However, getting closer to the development of prebiotically 

plausible systems would eventually help us to understand some aspects of current life. So far, 

this has proven a challenging task for scientists in general, and chemists in particular. 

Another point to be enhanced is the fidelity of the replication process. Whereas a push 

towards a less error-prone mechanism of replication is desirable, in order to achieve 

diversification (and therefore selection and evolution) it is necessary to maintain some errors 

in the replication process in order to generate sets of quasi-species, auto and cross-catalytic 

replicators mutants. This may be achieved by employing more building blocks that would give 

rise to a family of replicators with different fitness to specific environments. Performing the 
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experiments in a replication-destruction flow regime may induce a change over time of the 

population of the species, which may ultimately lead to speciation and evolution. 

The development of continuous-flow setups allowed us to work in dissipative conditions and 

to observe adaptation at the molecular level. However, an improvement of the setup is needed. 

The opportunity to scale down the volume of the experiments, and therefore work with 

micro/nanofluidics would speed up their preparation and lead to a greater number of parallel 

experiments that could be performed. This requires an engineer/physics approach in the 

design of new setups, and therefore requires a multidisciplinary approach to the task. 

Another issue regards the every-day work of a systems chemist, more specifically a dynamic 

combinatorial chemist. The combinatorial nature of the experiments requires performing a 

relatively large number of investigations at the same time. However, the analysis of the 

libraries can sometimes be quite a time- and resource- consuming process. It is therefore 

desirable to develop faster and diverse analytical techniques that would eventually allow for 

the detection of multiple parameters at the same time, ideally without destroying the sample. 

In this regard, imaging techniques might become useful and help us to obtain a much faster 

and wider overview of the outcome of the experiments. A feedback-responsive system might 

also be of great help. 

Last, the dynamic combinatorial approach can be of great help in the further development of 

the system toward de-novo life through the encapsulation of self-replicators in membranes. 

Our group is currently involved in the characterization of building blocks capable of forming 

compartments, and in the development of libraries containing different building blocks that 

would give rise to systems incorporating template and membrane constructs. This way starting 

from simple molecules, multiple emergent functions may be observed at the molecular level, 

providing a relevant example of complexification of matter. 

The systems approach to the origin of life has only recently started to provide the first 

promising results that are starting to shine light on the most fundamental questions we can 

ask. Hopefully in the near future the scientific community will provide us with even more 

exciting findings, with chemists eventually playing a significant role in the advancement of 

knowledge. 



 

 

Summary 

 

In the quest to the origin of life, self-replicating molecules most likely have played an 

important role in the transition from inanimate to animate matter, that eventually resulted in 

the emergence of the first living entities. The construction of increasingly complex chemical 

systems showing emergent functions is therefore relevant to provide an example of the 

diversification of matter. Dynamic Combinatorial Chemistry represents a promising tool to 

achieve this goal, since the formation of reversible covalent bonds gives access to a 

combinatorial set of products, which exchange components with each other until some 

emergent property (like self-replication) makes one of them the only product of the “library”. 

In Chapter 1 we described the main features of living systems (or at least, those properties 

scientists agree upon: self-replication, metabolism and compartmentalization) and reported 

examples of the experimental approaches towards the construction of increasingly complex 

chemical systems bearing some of those functions. Though the published systems are 

remarkably complex, to date there are no reports of a fully synthetic system bearing the three 

essential components to be defined as living. The potential of Dynamic Combinatorial 

Chemistry as a promising tool for the development of such systems was highlighted and 

examples reporting the emergence of self-replicators from dynamic combinatorial libraries was 

shown. Nearly all reported self-replicators are obtained as dimeric species that subsequently 

dissociate to template the formation of more of the self-replicator. The dissociation of the 

dimeric species is, however, not efficient enough to obtain exponential formation of self-

replicators. 

We also reported some examples of supramolecular polymers showing emerging functions, 

highlighting the importance of self-assembly in the development of increasingly complex 

systems that have relevant biomedical applications.  

Our group recently discovered the formation of self-replicators from dynamic combinatorial 

libraries composed of thiol-functionalised, peptide-based building blocks. Among the different 

library members, hexameric or octameric macrocycles will undergo exponential self-

replication: these assemble in fibers due to stacking through peptide-peptide interactions. The 

fibers can be mechanically broken by stirring or shaking, to form more catalytic sites that will 
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template the formation of more of the self-replicating macrocycles. This mechanism 

overcomes the self-inhibition problems of the dimeric templates that have been published so 

far. The peptide building blocks have been employed in this thesis to explore the behavior of 

the replicators in different environments and under far-from-equilibrium conditions. 

In Chapter 2 we reported on the emergence of a new class of self-replicators arising from 

building blocks that normally assemble to self-replicate in octameric macrocycles. We 

reasoned that the addition of a fluorinated cosolvent would favor the interactions within the 

peptide chains and therefore stabilize hexameric macrocycles that would eventually self-

replicate. The addition of TFE (2,2,2-trifluoroethanol) between 13 and 17 v/v% (depending on 

the hydrophilicity of the building block considered) resulted in the emergence of hexamers 

that proved to be self-replicating. Circular dichroism analysis showed β-sheet secondary 

structure of the peptide chains, and TEM imaging demonstrated the formation of fibers. 

Therefore, with an external stimulus consisting in a change of environment, we were able to 

control the structure of different self-replicators built from a common building block. 

Cross-seeding experiments showed that the two different replicators can promote the 

formation of each other, i.e. they can be considered mutants of the same replicator set. This 

led to further investigation of the system in far-from-equilibrium conditions in Chapter 3, in 

order to observe emergent functions. We made use of continuous-flow setups to inflow 

mixtures of 1mer, 3mer and 4mer combined with simultaneous outflow to keep the sample 

volume constant. In the first series of experiments we allowed the two replicators mutants to 

compete for common resources in a specific environment. Over time, we observed that the 

favored mutant was able to sustain itself in the flow regime and increase its population at the 

expenses of the unfavored species, which decreased in concentration. As we previously 

observed that replicator emergence was affected by the environment, we set out to apply a 

continuous change in the solvent composition to the sample. We subjected either the hexamer 

or the octamer to flow in their unfavored environments, and observed that the replicator was 

not able to maintain its population in the flow regime, to the point of being barely detectable 

by UPLC. We observed the simultaneous increase in the concentration of the favored 

replicator, which amounts to adaptation of the replicator to the changing environment. This 

conclusion was supported by comparing the kinetics of emergence of self-replicators in flow 

conditions without any cross-seeding event: we observed those kinetics are slower compared 

to experiments where the non-favored replicator is present and can cross-seed the formation 

of the other. 



 

 

107 Summary 

In order to avoid spontaneous emergence of replicators and build a platform for the 

complexification and diversification of the species, research in Chapter 4 was focused on the 

development of mixed-building block dynamic combinatorial libraries. We prepared libraries 

of peptide building blocks 1a containing different amounts of 3,5-dithiobenzoic acid 2, that is 

known to assemble in non-replicating trimeric and tetrameric species. We reported that the 

emergence of peptide replicator 1a6 was inhibited in libraries containing more than 20% 3,5-

dithiobenzoic acid. We performed seeding experiments in those conditions to test whether 

replication would still take place. Since replication was observed, we subsequently performed 

continuous-flow experiments to observe the sustainment of replicator when its emergence is 

inhibited. The outcome showed that replicator 1a6 was not able to sustain its own population 

over the flow regime. Further investigations need to be carried out to find the best 

experimental conditions. 

In Chapter 5 we reported an efficient methodology to make self-replicating supramolecular 

polymers with narrow polydispersity values through a nucleation-elongation mechanism. The 

production of short seeds using a Couette cell was key to exert such control over the 

elongation mechanism. We also produced even shorter seeds by reducing them using 

dithiothreitol (DTT) without affecting the polydispersity index (PDI) values. The elongation of 

such seeds was successfully achieved with different amounts of “food” (a mixture of 1mers, 

3mers and 4mers), and in all the experiments we were retaining excellent PDIs. Furthermore, 

four cycles of living supramolecular polymerization were performed, with a good overall 

control over the length of the resulting assemblies. Making use of the fact that the fibers grow 

from their ends, we achieved the formation of block copolymers by employing a second 

peptide building block. We were able to prove the formation of B-A-B block copolymers 

through reduction experiments, allowing us to access kinetically controlled supramolecular 

polymers with instructable sequences. 



 

 

Samenvatting 

 

In het ontstaan van leven op aarde hebben zelf-replicerende moleculen waarschijnlijk een 

belangrijke rol gespeeld in de overgang van niet-levende naar levende materie. Het 

construeren van steeds complexer wordende chemische systemen met emergente 

eigenschappen zoals zelf-replicatie is relevant in deze context. Dynamische combinatoriële 

chemie is een veelbelovende methode om dit doel te bereiken; de vorming van reversibele 

covalente bindingen leidt tot een combinatoriële set van producten die componenten met 

elkaar kunnen uitwisselen totdat een emergente eigenschap (zoals zelf-replicatie) ervoor zorgt 

dat één van de producten exponentieel kan groeien tot het meest talrijke product in de 

"library". 

In Hoofdstuk 1 worden de voornaamste eigenschappen van levende systemen beschreven (of in 

ieder geval, de eigenschappen waar wetenschappers het over eens zijn: zelf-replicatie, 

metabolisme en compartimentering) en worden er voorbeelden gegeven van chemische 

systemen die deze eigenschappen hebben. Alhoewel de inmiddels gepubliceerde systemen al 

bijzonder complex zijn, is er tot nu toe nog nooit een volledig synthetisch systeem gemaakt die 

de drie essentiële eigenschappen bezit die nodig zijn voor een levend systeem. De potentie die 

dynamische combinatorische chemie heeft als methode voor de ontwikkeling van zulke 

systemen wordt uiteengezet en er worden voorbeelden gegeven van systemen die zelf-

replicatie laten zijn. Bijna alle beschreven zelf-replicators vormen dimeren die vervolgens 

moeten dissociëren om als template te fungeren voor de vorming van meer van de zelf-

replicator. De dissociatie van het dimeer is echter niet efficiënt genoeg om exponentiële 

vorming van zelf-replicators te bewerkstelligen. 

Voorbeelden van supramoleculaire polymeren met emergente eigenschappen zijn ook 

gerapporteerd evenals biomedische toepassingen daarvan, hetgeen het belang van de 

ontwikkeling van steeds complexer wordende chemische systemen verder benadrukt. 

Onze onderzoeksgroep heeft recent ontdekt dat zelf-replicatoren kunnen ontstaan uit 

dynamische combinatoriële bibliotheken opgebouwd uit thiol-gefunctionaliseerde peptiden. 

Van de verschillende leden uit de bibliotheek zijn de hexameren en octameren in staat zichzelf 

exponentieel te reproduceren: deze moleculen stapelen op elkaar stapelen aangedreven door 
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peptide-peptide interacties. De stapels kunnen mechanisch worden gebroken door het 

mengsel te roeren of te schudden, waardoor er meer uiteinden beschikbaar komen waaraan 

zich verdere hexameren (of octameren) kunnen binden. Dit mechanisme voorkomt het 

hierboven beschreven probleem van zelf-inhibitie door replicatordimeervorming. De op 

peptiden gebaseerde bouwstenen zijn in het in dit proefschrift beschreven werk gebruikt om 

het gedrag van deze replicatoren in verschillende omgevingen en onder ver-uit-evenwicht 

omstandigheden te onderzoeken. 

In Hoofdstuk 2 wordt het gedrag van een klasse zelf-replicatoren die normaliter assembleren 

tot zelf-replicerende octameren beschreven. De toevoeging van een gefluoreerd co-

oplosmiddel  versterkt de interacties tussen de peptideketens in de stapels, waardoor de 

vorming van stapels van kleinere ringen wordt bevorderd. De toevoeging van TFE (2,2,2-

trifluoroethanol) in hoeveelheden van 13 of 17 volumeprocent (afhankelijk van de hydrofiliciteit 

van de desbetreffende bouwsteen) resulteerde in het ontstaan van hexameren die zelf-

replicerend bleken te zijn. Analyse met circulair dichroïsme gaf aan dat de peptideketens 

een β-sheetstructuur aannamen. Transmissie electronen microscopie (TEM) bevestigde de 

vorming van stapels. Deze experimenten laten zien dat een externe stimulans, in de vorm van 

verandering van oplosmiddelomgeving, ons in staat stelt om de structuur van zelf-replicatoren 

te selecteren uit een set verschillende ringgroottes. 

Cross-seeding experimenten lieten zien dat de twee verschillende replicatoren elkaars vorming 

kunnen bevorderen; ze kunnen daardoor worden gezien als mutanten binnen dezelfde set 

replicatoren. Dit leidde naar verder onderzoek naar dit systeem onder ver-uit-evenwicht 

condities in de hoop nieuwe emergent eigenschappen te ontdekken zoals besproken in 

Hoofdstuk 3. We hebben een stroomreactoropstellingen gebruikt om continu een mengsels 

van monomeren, trimeren en tetrameren toe te voeren, gecombineerd met een gelijktijdige 

continue uitstroom om het totale volume constant te houden. In de eerste serie experimenten 

lieten we de twee replicatoren concurreren om de toegevoegde grondstoffen. De in de 

specifieke oplosmiddelomgeven meest efficiënt replicerende mutant hield zichzelf in stand, 

ten koste van de andere mutant, waarvan de concentratie daalde. We hebben, gebruik makend 

van het computerprogramma Berkeley-Madonna, onderzocht of de verliezende mutant zou 

uitsterven als er geen kruis-katalyse zou plaatsvinden door de winnende mutant. 

Voortbouwend op ons eerdere werk, waarin we ontdekten dat de ringgrootte van de 

replicatoren wordt beïnvloed door de omgeving, hebben we het replicatorsysteem 

onderworpen aan een continue verandering in oplosmiddelcompositie. Zowel hexameer als 

octameer werden blootgesteld aan, voor deze replicatoren, minder gunstige condities in een 
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stroomopstelling. Dit leidde ertoe dat de replicatorconcentratie zover afnam dat ze amper 

middels UPLC konden worden gedetecteerd. Tegelijkertijd nam de concentratie van de 

replicatoren voor welke de oplosmiddelomstandigheden gunstig waren in deze gevallen toe. 

Dit gedrag suggereert dat de replicator zich aanpast aan de verandering in zijn omgeving. Deze 

conclusie wordt ondersteund door het vergelijken van de kinetiek van het ontstaan van zelf-

replicatoren in stroomcondities in afwezigheid van replicatormutanten. Onder deze 

omstandigheden is de vormingssnelheid langzamer vergeleken met experimenten waarin de 

replicatormutant wel aanwezig is 0m de vorming van de andere replicator te katalyseren. 

Om de spontane vorming van replicatoren te vermijden en omstandigheden te identificeren 

waarin de complexiteit en diversiteit van bestaande replicatoren kan toenemen, worden in 

Hoofdstuk 4 bibliotheken die bestaan uit meerdere bouwstenen ontwikkeld. Meerdere 

bibliotheken zijn gemaakt waarin bouwsteen 1a is gemengd met verschillende hoeveelheden 

3,5-dibenzoic acid 2, waarvan bekend is dat deze tri- en tetrameren vormt die niet in staat zijn 

zichzelf te repliceren. De spontane vorming van peptide replicator 1a6 werd verhinderd in 

mengsels waarin meer dan 20% 3,5-dibenzoic acid aanwezig was. Aanvullende experimenten 

werden uitgevoerd om uit te wijzen of replicatie, na toevoeging van een kleine hoeveelheid 1a6 

onder deze condities toch nog kon plaatsvinden. Aangezien replicatie inderdaad plaats vond 

zijn er vervolgens stroomexperimenten uitgevoerd om te zien of de replicatoren zichzelf ook 

onder deze omstandigheden in stand kunnen houden. De eerste resultaten lieten zien dat 

replicator 1a6 niet in staat was zichzelf in stand te houden in dit stroomexperiment. Meer 

onderzoek is nodig om de beste experimentele condities te vinden. 

In Hoofdstuk 5 wordt een efficiënte methodologie beschreven om zelf-replicerende 

supramoleculaire polymeren te verkrijgen met lage polydispersiteit door middel van een 

nucleatie-groei mechanisme. De productie van korte initiële stapels met behulp van een 

Couettecel was essentieel om goede controle te verkrijgen over het groeimechanisme. We 

waren ook in staat om nòg kortere stapels te produceren door eerder gevormde stapels te 

reduceren met dithiothreitol (DTT) zonder dat dit de polydispersiteitsindex(PDI)waarden 

negatief beïnvloedde. De gecontrolleerde groei van de korte stapels werd bewerkstelligd door 

toevoeging van concontrolleerde hoeveelheden "voedsel" (een mengsel van monomeren, 

trimeren en tetrameren) en in alle experimenten werden uitstekende PDI's behaald. We 

hebben vier achtereenvolgende cycli van deze levende supramoleculaire polymerisatie 

uitgevoerd, met uitstekende controle over de lengte van de resulterende assemblages. 

Aangezien de stapels uitsluitend groeien aan hun uiteinden, was het mogelijk om 

blokcopolymeren te maken door een tweede bouwsteen te gebruiken. We waren in staat om de 
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vorming van B-A-B blokcopolymeren aan te tonen met behulp van reductieexperimenten, wat 

ons de toegang verschafte tot kinetisch gecontroleerde supramoleculaire polymeren met 

controlleerbare sequenties. 
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