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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. 



 
62 Chapter 3 

 

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. 
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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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