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102 Chapter 6 

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. 


