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Abstract: To understand the origins of life, we must first gain a grasp of the unresolved emergence of the
first informational polymers and cell-like assemblies that developed into living systems. Heating amino
acid mixtures to their boiling point produces thermal proteins that self-assemble into membrane-bound
protocells, offering a compelling abiogenic route for forming polypeptides. Recent research has revealed
the presence of electrical excitability and signal processing capacities in proteinoids, indicating the
possibility of primitive cognitive functions and problem-solving capabilities. This review examines
the characteristics exhibited by proteinoids, including electrical activity and self-assembly properties,
exploring the possible roles of such polypeptides under prebiotic conditions in the emergence of early
biomolecular complexity. Experiments showcasing the possibility of unconventional computing with
proteinoids as well as modelling proteinoid assemblies into synthetic proto-brains are given. Proteinoids’
robust abiogenic production, biomimetic features, and computational capability shed light on potential
phases in the evolution of polypeptides and primitive life from the primordial environment.
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1. Introduction

In this review article, the aim is to offer a thorough summary of the existing research
on proteinoids, while also sharing significant experimental advances from the laboratory
that contribute to the current knowledge. The article will explore the history of prebiotic
chemistry experiments on abiotic polypeptide formation and self-assembly, investigate
the proposed evolutionary mechanisms, and analyze the structure and function of these
proto-biopolymers. The analysis will cover experimental findings on proteinoids assem-
bly, structure, and excitability dynamics, examining emerging activity patterns including
electrical signaling exhibited by these thermal polypeptide systems.

1.1. Thermodynamic Perspectives on Life’s Origins

The concept of non-equilibrium thermodynamics provides a framework for under-
standing how life may have originated from abiotic chemical processes [1-4]. Sidney Fox’s
groundbreaking research showcased the spontaneous formation of proteinoids and pro-
tocells in thermal environments, providing valuable evidence for the dissipative models
of biogenesis [5]. Using thermal polymerisation of amino acids to produce protein-like
microspheres capable of catalysis, signalling, and self-assembly, Fox’s proteinoids mimic
the characteristics of living cells [5]. According to the theory of non-equilibrium thermo-
dynamics, life originated as a dissipative structure that was far from equilibrium and was
driven by the absorption of solar photons [6]. Proteinoids are in line with this perspective
because their synthesis involves using thermal energy to produce organised biomolecular
systems. The protocells that have been proposed function as photon absorbers, thereby in-
creasing the production of entropy. Proteinoids offer a thermodynamically feasible pathway
to cellular structures that are compatible with life, taking advantage of non-equilibrium
conditions. Although there are still unanswered questions regarding the environmental
conditions necessary for protocell development, Fox’s proteinoids provide a conceptual
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demonstration of how lifelike entities can spontaneously self-organize under thermody-
namic forces. The thermal production of proto-biopolymers and the subsequent assembly
of protocells demonstrate possible mechanisms that connect equilibrium and living states.

1.2. Requirements for Early Biomolecular Systems

Our understanding of the transition from prebiotic chemistry to organised, functional
biomolecular systems capable of evolution is rapidly advancing [7-10] but still limited.
There are likely several key requirements that need to be fulfilled. First, the ability to encode
information into reproducible polymer sequences would have been essential [11]. The RNA
world hypothesis suggests that RNA was the initial informational polymer [12-14]. How-
ever, there are still uncertainties surrounding the abiotic synthesis of RNA. Moreover,
the presence of membranes would have facilitated compartmentalisation, creating specific
locations for reactions to occur and enabling selective permeability [15]. Amphiphilic
molecules, such as lipids, possess the capacity to self-assemble and form vesicles that
encapsulate other molecules. Moreover, it is likely that thermodynamic forces played a
crucial role in driving the self-organisation of networks that became progressively more
complex. Energy could have been supplied by geological and chemical gradients, while
molecular assembly may have been facilitated by inorganic mineral surfaces. Accord-
ing to Pross and Pascal [16], the presence of primitive molecular recognition, catalysis,
and feedback mechanisms would have allowed for the development of basic metabolism,
responsiveness, and growth dynamics. The thermal proteinoids concept developed by
Sidney Fox effectively meets several of these criteria [5]. The process of polymerisation
from amino acids, followed by self-assembly into membrane-bound protocells, and the
resulting lifelike chemical properties provide valuable insights into the formation and
functioning of the earliest peptide-based biomolecular systems [11,16-18]. The upcoming
sections will discuss proteinoids as models for the abiotic polypeptides that could have
formed the informational and compartmental infrastructure of early life.

2. Proteinoids as Primitive Biopolymers
2.1. Thermal Polycondensation of Amino Acids

The potential role of thermal conditions in driving abiotic polypeptide synthesis has
been investigated. The process of heating amino acids or their precursors can cause them to
undergo polymerisation, resulting in the formation of proteonoid-like polymers (Figure 1).
An example of a reaction is the condensation of glycine and alanine into oligopeptides,
which occurs when they are heated with montmorillonite clay. This reaction has the
ability to generate peptides containing a maximum of 10 amino acid residues [19,20].
Thermal polycondensation has also been successfully used for the direct polymerisation
of amino acids. When amino acids are subjected to dry heating, they produce mixtures
of polypeptides that are diverse in terms of their composition and polymerization pa-
rameters [21]. Clay minerals potentially played a role in this process on early Earth by
adsorbing and concentrating amino acids, as suggested by Paecht-Horowitz in 1970: activa-
tion energy could have been supplied by thermal gradients in hydrothermal systems or
drying lagoons [22]. These studies provide mechanistic models for the abiotic formation
of polypeptides through the polymerization of amino acids. Thermal polycondensation
is an example of a thermodynamically favourable process that allows for an increase in
molecular complexity. The proteinoids that are formed exhibit characteristics similar to
those of primordial biopolymers.
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Figure 1. Molecular model of an 11-residue thermal proteinoids peptide chain containing alternating
glutamic acid and arginine units. Each glutamic acid (L-Glu) aspartic acid (L-Asp) and phenylalanine
(L-Phe) monomer is depicted in ball-and-stick representation with nitrogen atoms colored blue,
oxygen red, carbon dark grey, and hydrogen light grey. The polypeptide backbone illustrates
structure formed through thermal condensation polymerisation which can further self-assemble
into higher-order proteinoid microspheres. The proteinoid structure was generated using ChimeraX
molecular visualisation software.

2.2. Fox’s Proteinoids: Characteristics and Capabilities
2.2.1. Catalytic Activity

Since their initial discovery in the 1960s [23], Fox’s proteinoids have been extensively
characterised. In addition to their abiotic origin, proteinoids exhibit a number of intriguing
properties that shed light on the functions of early biopolymers. Catalytic activity, indi-
cating proto-metabolic potential, is a feature of numerous protenoid preparations that is
particularly intriguing. According to Fox [23], proteinoids can have different properties
by altering the amino acid composition and adjusting the heating parameters. Proteinoids
have the ability to self-assemble into organised microspheres that closely resemble proto-
cells [24].

The proteinoids produced by Fox and colleagues [24] exhibit a range of fascinating
qualities that closely resemble the behaviours observed in biological proteins and cells.
The ability of these structures to spontaneously form membranes has similarities of the
early stages of cells formation. Proteinoids also demonstrate basic metabolic functions such
as catalysis, energy utilisation, and, albeit limited, growth dynamics [25].

The catalytic activity observed in many proteinoid preparations is especially intriguing.
According to Wolman et al. [26], proteinoids have been discovered to catalyse a range of
reactions, such as ATP synthesis, RNA polymerisation, and phosphate ester hydrolysis.
The microspheres seem to enhance the concentration of the catalytic effects [27].

Among the observed catalytic effects are the synthesis of complex biomolecules such
as ATP and RNA [28], and the formation of peptide bonds. According to [29], proteinoids
catalyse their own template-directed reproduction [30].

The origins of proteinoids” biomimetic features are unknown. Early abiotic polypep-
tides’ ability to self-assemble into organised structures with lifelike activities can reveal
their characteristics. The catalytic activity shows that rudimentary protometabolism may
have emerged in primitive protocells [31,32].

2.2.2. Microspheres Formation

After thermal polymerisation, proteinoid aggregates undergo a systematic self-assembly
process facilitated by non-covalent interactions [33-35]. The use of electron microscopy has
revealed that the microspheres exhibit a double-layered morphology. This morphology is
characterised by an inner particulate core that is surrounded by an outer organised film [36].
The compartmentalised architecture presented here offers a plausible model for protocells.
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The size of the microspheres can be adjusted by varying the heating time and the composition
of amino acids used, ranging from less than 100 nm to more than 30 pm [37]. The mor-
phology of microspheres enhances the biomimetic capabilities of proteinoids in many ways.
Enzyme-like activities are localised within the vesicles, resulting in proto-metabolic effects.
The organised membrane is crucial for the absorption of nutrients and energy substrates [38].
Experimental evidence suggests that cooperative interactions between proteinoids play a
crucial role in regulating the assembly of microspheres [32]. A study has shown that the size
of the microsphere is primarily influenced by the concentration of salt when the ionic strength
is high. On the other hand, when the ionic strength is low, the main factor affecting the
size is the pH of the system. Furthermore, it has been observed that the change in solubility
is remarkably similar to the change in diameter when considering both ionic strength and
pH [32]. Various studies have been conducted to investigate the formation of microspheres,
focusing on the effects of different monovalent anions and polymers with varying amino acid
compositions. These studies have revealed that both charge neutralisation and hydrophobic
bonding play significant roles in the process of microsphere formation. Microspheres can also
form in seawater, especially when heated or slightly alkaline. The microspheres are distinct
from those made from acidic proteinoid, but they do share certain similarities with coacervate
droplets. These similarities include isothermal formation, limited stability, stabilisation by
quinone, and the ability to uptake dyes [39]. The compositional effects mentioned above serve
to emphasise the potential pathways through which protocell membrane properties can be
regulated. The ability of proteinoids synthesised abiotically to spontaneously form organ-
ised microspheres offers valuable insights into the origins of cellular compartmentalisation.
The membranous vesicles have selectively permeable boundaries, internal structure, and lo-
calised biopolymer functions. The use of proteinoid self-assembly provides opportunities for
the engineering of synthetic protocells.

2.2.3. Information Transfer

As per the findings of Fox et al. [40], it was noticed that proteinoid microspheres
exhibited growth and division into smaller microspheres when subjected to a solution
comprising newly introduced amino acids. It is worth noting that the daughter micro-
spheres exhibit some characteristics inherited from the parent microspheres, including
size, shape, colour, and chemical composition. Fox et al. [40] proposed that this particular
process possesses the potential to serve as a paradigm for elucidating the genesis of life. This
statement is based on the observation that simple organic compounds have the ability to
form complex structures that can self-replicate and transmit information [31].

The proteinoids can catalyse the production of new copies with the same polymeric
sequences as the original molecules via template-directed synthesis. This procedure indi-
cates proteinoids’ ability to convey information in a primitive form of inheritance, giving
credibility to Fox’s argument that they have real-world properties [41]. Specifically, the pro-
teinoids can catalyze the formation of new proteinoids that are copies of themselves. This
self-replication allows information in the form of molecular sequences to be passed on.
The process is analogous to DNA replication in living cells.The process of information
transfer takes place as a result of the presence of particular sequences inside the original
proteinoids, which function as templates. This process facilitates the preservation and repli-
cation of information across subsequent generations. Fox experimentally demonstrated
the cloning process. Under the proper conditions, he demonstrated that when proteinoids
were incubated with activated amino acids, new proteinoids formed using the originals as
templates [42—45]. Electrophoresis demonstrated that the novel molecules had identical
sequences [46]. The ability to transmit information is important, since it is a basic property
of life. Fox finds that his proteinoids reflect primitive life system characteristics. This
viewpoint is supported by information transfer via self-replication, which implies that such
molecular activities could have been antecedents to life [42,47-50].
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2.2.4. Evolutionary Potential

Proteinoids could form under suitable environmental conditions over an extended
period of time. In appropriate contexts, they have the potential to evolve into more com-
plex organisms. Proteinoids are likely to exhibit varying levels of stability in different
environments. Under these conditions, variants that are more stable would persist for a
longer duration. Through multiple generations, the proteinoids that exhibit greater stability
and fitness would gradually become dominant as a result of their repetitive replication.
Random copying errors could also introduce new variations that may be better adapted to
survive. This process bears a resemblance to Darwinian evolution. Experimental evidence
suggests that when mixtures of proteinoids are exposed to conditions that break down
the less stable variants, the more robust ones are able to survive and replicate themselves.
The selective persistence of certain sequences imitates the process of natural selection. Al-
though speculative, these ideas demonstrate the potential of simple informational polymers
to facilitate open-ended evolution in the presence of environmental selection. This supports
theories suggesting the existence of early evolving proto-life before cellular life [51-55].

3. Proteinoids and Cellular Emergence
3.1. From Amino Acids to Protocells: Self-Organisation of Proteinoids into Models of
Primordial Life

Proteinoids, as demonstrated in the seminal work by Sidney Fox [23,51,56,57], have
the ability to interact and form structures that resemble droplets similar to primitive
cells. Proteinoid microspheres are structures in which important proto-metabolic reactions
occur, including the synthesis of peptides, which are relevant to the development of early
cells. This satisfies the necessary conditions for the development of protocells through
prebiotic chemistry.

In addition to encapsulation, proteinoids also display other behaviours that are char-
acteristic of cellular life. Their populations exhibit growth and division dynamics that are
influenced by environmental factors. Electrical measurements indicate the presence of
spiking, similar to signalling, in irritable cells. One of the most remarkable observations is
that proteinoid microspheres are capable of transferring internal particles between volumes,
which can be considered a form of inheritance.

Proteinoids provide valuable insights into potential pathways to the development of
cells. However, it is important to note that their thermal synthesis has certain limitations
when it comes to accurately modelling prebiotic environments. However, the wide range of
realistic characteristics exhibited by basic thermal proteinoids confirms their usefulness as
protocell imitations. The field of engineering has made significant progress in developing
highly advanced protocells based on proteinoids. These protocells possess remarkable
capabilities such as phototrophy and the ability to communicate with other cells.

In addition to investigations into their origins, bioengineered proteinoids exhibit con-
siderable potential as platforms for nanomedicine, bioelectronic components, and smart
biomaterials. This is attributed to their biocompatibility, ability to undergo structural
reconfiguration, and membrane activity. Proteinoids demonstrate the capacity for the
spontaneous emergence of biological characteristics through the self-assembly of polymeric
subunits. The investigation of the fundamental principles behind biomimetic behaviours
continues to be a prominent field of study in the disciplines of origins of life and materi-
als science.

The proteinoids theory, which provides insights into possible pathways for cellular-
isation, has faced criticism regarding the issue of thermal synthesis [31,58]. Subjecting
amino acid mixtures to prolonged heating until they are completely dried may not pro-
vide an accurate representation of prebiotic environments. However, the wide range of
realistic characteristics exhibited by even basic thermal proteinoids confirms their use-
fulness as protocell mimics. The development of advanced compositional control and
assembly techniques has allowed for the engineering of proteinoid-based protocells with
greater sophistication [59,60]. Integrating light-harvesting proteinoids, for example, can
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introduce a basic phototrophic metabolism. Spatial patterning facilitates the formation
of interconnected networks that exhibit cell-like compartmentalisation and enable effec-
tive communication.

Proteinoids, while not literal protocells, exhibit a surprising ability for primitive bio-
logical behaviours to evolve spontaneously from the self-organisation of simple polymeric
subunits. The physicochemical basis for proteinoids’ realistic properties is still being
researched in both origins of life and biomaterials research [53,57,61-63].

3.2. Membrane Assembly and Composition

Upon hydration, Fox’s proteinoids exhibit a remarkable ability to self-assemble into
spherical vesicles. These microspherical membranes serve as a model for the formation of
semi-permeable protocell structures from simple abiotic polypeptides [64—69].

The use of electron microscopy has facilitated the observation that the microspheres
possess a complex structure consisting of many layers. Specifically, these layers consist of an
internal matrix composed of particles, which is enveloped by an external film that exhibits
a high degree of organisation. The architectural design of this structure facilitates the
formation of localised compartments inside the protocell. The microenvironment facilitates
the accumulation of solutes and supports the functioning of the cell membrane [70-78].

The interface that is well structured demonstrates a characteristic of selectivity, al-
lowing for the absorption of essential nutrients while preventing the entry of harmful
substances. The findings from the conducted experiments indicate that the process of
self-assembly is regulated by the collaborative interplay of hydrophobic and ionic con-
tacts among proteinoid chains. The introduction of amino acids with a positive charge
effectively inhibits the process of vesiculation by causing disruption to the coacervation
phenomenon [79-81].

The proteinoid protocells possess a membrane-bound structure that facilitates the
connection between external energy sources and internal chemical processes via transverse
gradients. A scenario of light-induced ion transport across the interface of a microsphere
facilitates the process of charging an interior matrix resembling a battery [82-84].

Furthermore, proteinoid vesicles have the capability to undergo growth through
membrane replication via budding, which serves as a mechanism for the propagation and
evolution of yeast. The process of thermal cycling elicits a periodic pattern of budding
activity, suggesting the presence of intricate dynamic phenomena [51,80].

In general, the inherent tendency of proteinoids to form membranes sheds light on poten-
tial mechanisms by which compartmentalisation and spatial organisation could have arisen in
primitive protocellular systems constructed from basic non-living peptides. The implications
of the obtained boundary features would have significant effects on the advancement of
coordinated protometabolism and the transmission of information [49,85-87].

Although the exact origins of proteinoid membrane assembly and its relationship with
structure-function are not fully understood, the fact that they possess biomimetic capa-
bilities suggests potential mechanisms for the formation of organised protocells through
unconstrained chemical processes on the prebiotic Earth. The exploration of proteinoid
membrane dynamics has the potential to reveal the universal physicochemical driving
forces that govern the self-structuring of primitive lifelike soft matter.

3.3. Homeostasis Mechanisms

It is probable that proto-organisms evolved out of disordered networks of chemical
processes [88-91]. Kauffman employed a modelling approach wherein genes were repre-
sented as binary switches inside extensive random networks, with the aim of investigating
the potential emergence of order from a state of randomness [92]. The models propose
that networks of genes, characterised by random connections between a limited number
of genes, exhibit significant levels of organisation and stability. These organisms experi-
ence cognitive cycles, the duration of which can be utilised for predicting the replication
times of cells, based on the amount of genes present. The network possesses multiple
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behavioural modes that enable the prediction of cell types inside an organism, relying on
the quantity of genes present. When subjected to noise, individual cells have the ability to
distinguish between various behavioural modes. This can be explained by conceptualising
cellular differentiation as a series of transitions occurring inside the behaviour modes of a
genetic network.

Biomimetic protocell models, such as the ones mentioned, possess significant value
beyond their heuristic function, as they also offer practical applications [93-95]. Research
on reconstituted biological materials precedes the appearance of entirely synthetic ana-
logues [96,97]. It is a well-observed phenomenon that living organisms, even non-animal
organisms, frequently exhibit the characteristic of irritability or excitability [98]. Approxi-
mately one hour after reassembly, plant protoplast droplets exhibited excitability similar
to that of membranes and action potentials [99,100]. This observation showcased the
propensity for artificial cells to exhibit excitability [101], which subsequently informed
and directed subsequent research endeavours [102,103]. Excitability was also shown in
synthesised proteinoid microspheres in the year 1973 [104]. Subsequent investigations have
delved into the concepts of selective permeability, osmotic characteristics, and proteinoid
bilayer membranes [70,105,106]. This study offers a comprehensive understanding of the
underlying physical mechanisms responsible for the emergence of excitability [107].

The biomimetic method involves studying simplified model systems in order to
elucidate fundamental principles. The systematic assembly and examination of synthetic
cells using their fundamental biomolecular components provides valuable insights into the
evolutionary progression from chemical systems to biological entities.

The emergent order and stability observed in simple chemical networks, such as
Kauffman’s random binary gene models, bear resemblance to cellular systems. The phe-
nomenon of spontaneous self-organisation observed in these systems provides insights
into the potential mechanisms underlying the emergence of order in early living forms.
The introduction of noise results in the emergence of diverse modes, analogous to the
differentiation of cell types observed in the process of evolution. These abstract models
aim to capture the fundamental characteristics of the collective behaviour of biomolecules
during the early stages of life.

The examination of the bottom-up designing of artificial cells and cell-like structures
provides insights into the physical origins of complex phenomena such as irritability
and excitability [80,108]. Synthetic protocells of a basic nature exhibit certain behaviours
typical of living entities, such as lifelike electrodes, metabolic processes, and the ability
to reproduce. The use of biomolecule analogues for piecewise reconstruction of cellular
processes provides a valuable addition to the study of extant biology’s intricate complexity.
The combination of these two perspectives enhances our understanding of the fundamental
aspects of existence.

3.3.1. Structural Heterogeneity in Proteinoids

Thermal proteinoids display some variation in their molecular characteristics, al-
though not as much as what is expected based on theoretical models [23,109,110]. When
chromatography and amino acid analysis methods are applied to proteinoids produced
through wet-dry cycles, interesting variations in their chemical structure are revealed.
Based on this observation, it appears that the self-assembly process of amino acid structures
involves a degree of randomness. Proteinoids consistently form structures that closely
resemble cells, suggesting that they possess a sufficient level of uniformity that allows them
to function in a coordinated manner. Many scientists believe that the interaction between
balanced randomness and order was crucial in helping cellular evolution progress during
its early stages [111-114].

3.3.2. Permeability Regulation

According to traditional models on the origins of life, it is believed that the initial step
involved the emergence of polymer replication systems [115]. These systems were then
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followed by the development of membranes for encapsulation. There is another model for
protocells that suggests the formation of vesicular membranes through the self-assembly of
prebiotic amphiphiles before the formation of polymers [7,116,117].

Proteinoids are hypothesised to have fulfilled several functions within primitive cellu-
lar structures throughout the early stages of life [118,119]. The amphiphilic amino acids
possessed the ability to spontaneously form boundary membranes by self-assembly. Pro-
teinoids also demonstrate a form of selective permeability that is similar to that observed in
contemporary transport proteins [25,27]. The vesicle protocells were facilitated to accumu-
late nutrients, chemicals, and ions. The inherent adaptability of proteinoids renders them
highly suitable for serving as fundamental constituents of cellular structures and processes.

Ion gradients across protocell membranes are believed to have played vital roles as
energy sources [120]. The use of an asymmetric orientation of primordial pigments has
the potential to efficiently light energy for the purpose of ion pumping. The synthesis
of membrane components may be facilitated by the resulting electrochemical gradients.
The process of anabolic metabolism is closely linked to the replication of cellular membranes,
hence facilitating the propagation of early cells. The potential development of protocells,
which possess both metabolic capabilities and a protective vessel, may have surpassed that
of bare polymer replicators that lack membranes.

Proteinoids demonstrate the simplicity with which cellular structures can self-assemble
from prebiotic compounds. Their spontaneous encapsulation into vesicles demonstrates
an innate organising principle. The binding of amino acids to polymers allowed for more
complex functions, such as selective transport. Proteinoids facilitated the transition from
nonliving chemistry to the first primitive cells through a series of incremental steps. Bottom-
up construction of biomimetic protocells continues to shed light on the origins of life.

4. Proteinoids as Molecular Assemblies
4.1. Aggregation States and Dynamics

Proteinoids display intricate patterns of aggregation and dynamics due to their am-
phiphilic polymeric nature [71,85,121,122]. Proteinoids exhibit diverse molecular assem-
blages in response to environmental factors such as temperature, pH, and ionic strength.

The varied morphologies arise from the equilibrium of hydrophilic and hydrophobic
interactions among proteinoids. For example, the addition of salt can elicit the creation of
spherical structures by effectively neutralising charges. Proteinoids undergo continuous
processes of assembly and disassembly in response to fluctuations in the environment.
The collective inclinations of these entities exhibit similarities to those observed in naturally
occurring proteins [55,85,123,124].

Proteinoids in assemblies such as microspheres exhibit great molecular mobility, accord-
ing to kinetic studies [77,125]. They exhibit swift exchange and diffusion characteristics while
remaining fluid. This dynamic enables conformational changes, substrate transport, and parti-
cle communication. Such motion may allow for the evolution of order and complexity.

The complexities of proteinoid aggregation reveal information about early proto-life.
The spontaneously crafting structures create organised microenvironments that can be
further chemically manipulated. The assemblies operate as a bridge for interactions that
could lead to metabolic pathways and information transmission. Proteinoids provide
evidence for possible steps along the path from prebiotic chemistry to real life systems.

Figure 2 depicts the dynamic process underlying proteinoids aggregation [126]. As de-
picted, as aggregates form and dissipate, there is a constant interplay between incoming,
outgoing, and internal flow. If incoming fluxes alter, internal reorganisations adapt to
preserve equilibrium. This propagates additional changes in outgoing flow and external
interactions. As flows perpetually re-equilibrate, an unending cycle develops. The key
insight is that changes cannot propagate instantly within the aggregate matrix. Instead,
finite velocities result in non-concurrent equilibration of incoming, internal, and outgoing
flow. Adaptation to the propagating interaction organises the fluid, yet organised, nature
of proteinoids aggregates.
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Figure 2. The mechanism underlying the aggregation of proteinoids. Proteinoids have the inherent
ability to undergo self-assembly and disintegration processes, resulting in the formation of complex
molecular structures like microspheres. This process is facilitated through the presence of hydropho-
bic interactions and hydrogen bonding between proteinoid branches, which bears a resemblance to
the biological processes of protein folding and aggregation. Proteinoid aggregates exhibit a perpetual
influx and efflux of material, hence sustaining an internal state characterised by constant change.
Various environmental conditions, including temperature, pH, and ionic strength, have the ability to
influence the equilibrium towards specific aggregated states [126].

In his formalisation of the cell theory, Rudolf Virchow formalised the notion that
cells arise from pre-existing cells [127-129]. He did not, however, discuss the origins of
the first cells. The first living cells emerged continuously from a pre-living “protocell”
while retaining their fundamental physical properties, according to an expanded viewpoint.
Self-organised, cell-shaped macromolecules with the potential for life comprised the pro-
tocell. The interior biophase of the protocell was identified by layers of adsorbed water
surrounding precursor biomolecules such as intrinsically disordered peptides. Examining
protein solutions, coacervates, and ion-exchange polymers reveals similarities between
their physical properties and those of living cells. This supports a model in which the prop-
erties of the protocell progressively transformed into those of the first cells via incremental
enrichment. As protocell models, proteinoids are bridging the gap between nonliving and
living matter [67].

4.2. Environmental Interactions
Mineral Templating

It is highly probable that amino acids were synthesised abiotically during the early
stages of Earth’s existence, facilitated by energy-driven reactions involving reduced gases
such as methane, ammonia, and hydrogen. Amino acids are obtained through experimental
exposure of these gases to sparks or shocks, with greater yields observed in atmospheres
that exhibit higher levels of reduction. While the precise composition of the early atmo-
sphere remains uncertain, it is postulated that the release of gases from volcanic activity
might have sustained a sufficient amount of hydrogen for significant synthesis of amino
acids [130-132].

In addition to atmospheric synthesis, mineral surface templating represents an alter-
native abiotic mechanism for the production of amino acids. Clays and metal sulphides
possess the ability to arrange basic precursors, such as formaldehyde, into structured poly-
mers. The promotion of peptide bond formation is facilitated by mineral lattices through
the productive alignment of molecules. Experimental findings indicate that peptides with
a length of up to 55 units can be shown to assemble on clay templates by the activation of
amino acids [133-135].

After their formation, amino acids and short peptides could potentially undergo
assembly into spherical proto-cells, which would be stabilised by membranes composed of
fatty acids. Despite the absence of programmed activities, the many peptide contents of the
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protocell facilitate intricate dynamics. The phenomenon of entropy plays a crucial role in
the emergence of transitory peptide networks that include rudimentary sensory, signalling,
and response capabilities.

Proteinoids, being amphiphilic polymers, exhibit a tendency for self-assembly into mi-
croscale spheres upon precipitation from supersaturated solutions, as depicted in Figure 3a,b.
The proteinoids have the ability to undergo reconfiguration, resulting in various morphologies,
such as the cubic crystals featuring central cavities as illustrated in Figure 3c. The use of
electrical stimulation induces the reorganisation of proteinoids [136-138]. Moreover, pro-
teinoids exhibit interactions with inorganic crystal surfaces, displaying a preference for the
formation of nanoscale arrays on cubic substrates (see Figure 3d). The presented SEM photos
serve as visual evidence of the capacity of proteinoid assembly to generate a wide range of
supramolecular structures that exhibit responsiveness to changes in environmental variables.
The inherent tendency of proteinoids to exhibit spontaneous organisation provides them with
certain benefits, making them suitable models for investigating the fundamental physical
mechanisms involved in the formation of early protocells [139].

The concept of thermodynamic inversion suggests that the shift from disorganised
protocell assembly to integrated life systems was driven by oscillating hydrothermal
stresses. Periodic fluctuations in physical and chemical conditions exerted selective pressure
on microsystems, favouring those capable of mounting amplified and deliberate reactions.
Only such adaptive coordination enabled persistence and propagation [85,140].

Figure 3. (a,b) Perfect proteinoid microspheres self-assembled from a supersaturated precursor
solution. Microspheres have a diameter of 1.2 microns. Magnification 60,000, scale bar 500 nm.
(c) Cubic crystal with a central cavity formed after applying an electrical voltage to proteinoids.
The cubic morphology suggests reorganisation of proteinoids under electrical stimuli. Magnifica-
tion 8000, scale bar 5 um. (d) Nanoscale proteinoid spheres arranged on the surface of a cubic
crystal substrate. This highlights preferential interactions between proteinoids and crystal surfaces.
Magnification 40,000, scale bar 1 um.

4.3. Emergent Cognitive Properties in Proteinoids

Peptide-derived membraneless protocells exhibit emergent proto-neural phenom-
ena [141,142]. The basic polypeptides exhibit self-organisation capabilities in order to
effectively process stimuli, similar to the functioning of natural sensory systems. This
concept establishes a connection between inanimate chemical processes and the initial
emergence of cognitive abilities.

Amino acids, which were abundant during the early stages of Earth’s existence, might
have easily formed membrane-bound protocells that contained basic peptide networks.
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The microenvironments supplied in this context are conducive to the development of
proto-neural dynamics, enhancing the ability to react to the environment and adapt ac-
cordingly. The process of templating synthesis and self-organisation of polypeptides
establishes the foundation for the more intricate and organised functions observed in living
organisms [143].

In addition to the natural production of amino acids through atmospheric and geo-
logical processes, it is plausible that the influx of extraterrestrial materials played a role
in the delivery of amino acids to the early Earth [144,145]. The examination of comet dust
has yielded substantial quantities of organic matter, notably comprising chemicals such as
hydrogen cyanide (HCN) and formaldehyde, which have the capacity to quickly generate
amino acids. Amino acid precursors such as ammonia, methane, and hydrogen cyanide
have been directly discovered in observations of comet comae [51,143].

Adsorption Phenomena

The distinctive photochemical characteristics of Protoporphyrin IX [146-148] may
have had a role in the early development of photosynthesis. Protoporphyrin IX exhibits
modified absorption, fluorescence, and enhanced photoreactivity when it forms complexes
with proteins such as serum albumin or basic proteinoids. The protein microenvironments
provide benefits by enhancing and altering the pigment’s ability to absorb light.

The adsorption capabilities of proteinoids may have facilitated the creation of pro-
tocells without membranes, in addition to their role in organising pigments. Biophases,
which are aqueous phases, can form around proteins as a result of water layers being
adsorbed. Biophases exhibit a discerning permeability similar to membranes, which allows
them to compartmentalise their contents [148].

The development of small peptides driven by entropy leads to the formation of
temporary networks of peptides within protocells in the biophase. These exhibit intricate
dynamics such as electrical excitability and spiking, which are characteristic features of
brain activity. The basic non-living polypeptides spontaneously arrange themselves to
display primitive brain activities.

Membraneless protein-based protocells serve as credible representations of early
life, incorporating the ability to sense, signal, and respond. The study of the adsorption
biophysics that drives the organelle-like evolution of proteinoids sheds light on the physical
properties of cytoplasm and nucleoplasm.

Utilising the adsorption processes and emergent networked activities of proteinoids
holds the potential to significantly enhance our understanding of the origins of life and the
development of novel bioinspired materials through engineering. Their remarkable adapt-
ability endures as a connection between primordial chemistry and the initial operational
systems [149].

The biophase framework expands upon Rudolf Virchow’s cellular theory [150-152],
which states that cells originate from pre-existing cells. His principles probably governed
the emergence of the first live cells from pre-living protocells during early life. The key
lies in maintaining the invariance of fundamental physical features throughout this shift.
Protocells formed spontaneously, creating peptide networks that resembled cells and had
the ability to support life [67].

Protocell models, such as protein microspheres, elucidate the biophysical foundation
of early cellularity. Their interior phases display resemblances to contemporary cytoplasm
and nucleoplasm. An informative exploration of potential processes in the genesis of life
is achieved through the comparative study of model systems and real cells. To achieve
this, a protophysiology approach is necessary to evaluate the common physical character-
istics that underlie both. The gradual enhancement of the organisational complexity of
proteinoids remains a viable approach to understanding the beginnings of life [153].
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4.4. Self-Organisation Tendencies

Ecosystems demonstrate intricate self-organising networks, characterised by indirect
interactions and feedback loops that produce system-wide coordination. The interdepen-
dent web homogenizes and amplifies flows, increasing order and utility for constituent
organisms. Proteinoids also have the ability to easily come together and form microenvi-
ronments that exhibit cooperative effects [154].

Protocells emerged by the spontaneous self-assembly of several amphiphilic chemicals
that existed on the primordial Earth. Enclosures are formed by synthesising components
such as fatty acids, while proteins play a role in organising metabolism and signalling.
The integration of these rudimentary biopolymers into protocells was driven by entropic
processes [154,155]. Ordered complexity arises spontaneously from the lower levels without
any external programming [156].

Natural selection exerts evolutionary pressure to enhance the spontaneous coordina-
tion of self-organisation in systems such as protocells [157]. The gradual enhancement of
organisational complexity continued as a means to achieve genuine living systems [158].

The combined interaction of self-assembly, complexification, and selection provides a
viable paradigm for the emergence of cellular life [159]. Proteinoids are still shedding light
on the possible stages involved in the shift from ambient chemistry to early life [160].

5. Implications of Proteinoids for Thermodynamic Inversion

Trifonov’s concept of life as self-reproduction with variation serves as an excellent guide
for determining the point at which non-living systems become living systems [161-164].
This has important implications for prebiotic chemistry and artificial cell research, since the
distinction between protocells and genuine cells is still hazy. Evaluating proteinoids and other
model systems against self-replication and evolvability criteria can show whether they exhibit
these essential aspects of life.

Beyond precise definitions, thinking about essential biological traits like energy cap-
ture, adaptive responsiveness, regulated dynamics, and self-renewal sheds light on the
origins of life. Proteinoids exhibit some of these traits, such as the ability to create dissipative
structures, exhibit complicated assembly behaviours, and integrate rudimentary sensitivity
and signalling. Examining how proto-life models gradually gain lifelike characteristics aids
in identifying important transitions towards cellularity.

The mechanism by which proteinoids and other protocell components give rise to the
coordinated thermodynamic and kinetic processes that are characteristic of animals is of
great interest. The spontaneous inversion of chaotic chemistry into highly organised life
represents a fundamental physical change. Proteinoids serve as a link between the two,
revealing glimpses of life’s intricate, interrelated, and self-sustaining mechanisms [165].

Advancements in prebiotic chemistry have significantly progressed the development of
more intricate protocell models, such as vesicles containing nucleic acids and
lipids [7,166-168]. Some display the characteristics of self-replicating polymers and proto-
metabolism, which resemble those found in actual cells. However, essential characteristics of
life such as intricate coordinated actions, swift reactions, and population dynamics are still not
fully understood [169].

5.1. Dissipative Proteinoid Systems

Proteinoids have a strong tendency to spontaneously form microspheres and other
structures that display dynamic behaviour outside of equilibrium. Proteinoid aggregates
are dissipative structures that function as open systems, maintaining steady states that are
far from thermodynamic equilibrium. They consistently assimilate substances from their
surroundings to counteract internal degradation.

The dissipation of simpler, unstable molecules within proteinoids microspheres re-
sults in the preferential preservation of more complex and stable proteinoid polymers.
This inherent process of spontaneous filtering results in a gradual enhancement of or-
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der and organisation. Dissipative self-assembly allows for the process of evolutionary
self-complexification in proteinoid systems.

Dissipativity theory offers a paradigm for examining the energy dynamics and stability
of driven, non-linear systems such as proteinoids. Storage functions describe how the
internal state of a system is influenced by the past inputs and outputs. Passivity quantifies
the extent to which the system absorbs or releases input energy.

The proteinoids’ complex behaviour demonstrates how dissipative structures can
manifest lifelike characteristics. Their dynamic and unbalanced state likely played a crucial
role in the development of cellular life. Exploiting the dissipative features of proteinoids
is shedding light on possible routes from inorganic matter to the intricate organisation
of biological.

Continuing to clarify the non-equilibrium thermodynamics that underlie the assembly
and activity of proteinoids is still a significant area of research. Their spontaneous self-
complexification suggests the underlying mechanisms that influenced the early stages of
prebiotic evolution. Examining proteinoids and modern cells within the framework of
dissipative structures theory shows great potential for further research [31].

The proteinoid microspheres produced by Fox exhibit fundamental catalytic prop-
erties, such as the conversion of ATP, which can be linked to the build-up of complexes.
Nevertheless, the process of self-reproduction remains ambiguous. According to the dissi-
pative structural perspective [31,170,171], the process of selectively retaining proteinoids
with greater catalytic efficiency can result in the formation of “activated” microspheres.

The process of molecule filtration through dissipation generates microenvironments
that are favourable for the synthesis of nucleotides and oligomers [172]. RNA potentially
organised the formation of early proteins with template-like properties, while proteinoids
likely enhanced the process of catalysis. This has the potential to establish a connection
between nucleic acids and proteins before the existence of life. Proteinoids probably
provided a framework for the development of biopolymer networks, where the movement
and behaviour of catalytic complexes were controlled by the gradual buildup of energy
through self-organisation. Exploring these interrelated steps further advances credible
explanations for the transition from primordial chemistry to biology.

Dissipativity theory [173] describes dynamical systems using their input-output prop-
erties. For a system with input u(t), output y(t), and state x(t), dissipativity considers the
supply rate w(u(t),y(t)) relating inputs and outputs. A system is dissipative if there exists
a storage function V(x(t)) greater than or equal to 0, such that:

W) < wfu(), yi) )

Essentially, the rate of change of the storage function is less than the supply rate. This
means a dissipative system continually loses (dissipates) energy as characterised by the
supply rate. A special case is a passive system, where the supply rate equals the inner
product of the input and output: w(u(t),y(t)) = u(t)Ty(t) This means a passive system
can only absorb or dissipate energy from the inputs to outputs; it can never generate energy
internally. Quantifying dissipativity hence provides a useful perspective for understanding
system behaviours in response to external driving forces.

The physical interpretation is that V(x) is the energy stored in the system, whereas
w(u(t),y(t)) is the energy that is supplied to the system. This notion connects to Lyapunov
stability [174], where storage functions play the role of Lyapunov functions. Dissipativity
theory aids feedback control design for proteinoid systems and other complex dynam-
ics. It continues to be an active research area in systems analysis and control due to its
broad applicability.

5.2. Proteinoid-Mediated Energy Flow

It is probable that basic protein-like molecules had important functions in early
processes of converting energy that happened before the development of contemporary
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metabolic pathways. Inorganic ions and minerals likely had a role in the first formation
of basic phosphorylation events within proteinoid microspheres. Porphyrins complexed
with proteinoids could potentially enhance the photochemical capabilities by serving as
organic cofactors.

Self-assembled proteinoid membranes [175], with pigments with asymmetric orienta-
tions, could have facilitated the simultaneous processes of light harvesting and photophos-
phorylation. The potential energy contained in ion gradients has the ability to facilitate the
production of extra membrane components in a basic photosynthesis process. Proteinoid
vesicles, which have the ability to selectively allow certain substances to pass through,
create suitable conditions for the integration of proto-metabolic networks.

The adsorption features of proteinoids promoted the emergence of cell-like biophase
enclosures that included networked peptides and proto-cofactors. These dissipative sys-
tems displayed intricate dynamics that facilitated the transformation and use of various
environmental inputs into valuable energy outputs. Energy flows were naturally directed
towards the functioning of proto-cells [136].

Proteinoids, with their diverse skills in assembly, compartmentalisation, stimulation,
and catalysis, facilitate the gradual integration of proto-bioenergetic systems. Their emerg-
ing activities were reasonable steps towards building interconnected reactions involving
both autotrophs and heterotrophs. Studying how proteinoids facilitate the transfer of
energy helps uncover the fundamental principles that underlie the origins of metabolism.

Proteinoids are useful models for studying the possible connections between pri-
mordial chemistry and the thermodynamics of living organisms. Their wide array of
biomimetic characteristics created a non-living foundation ready to be covered by emerging
proto-biopolymers [105,176,177].

5.3. Drivers of Complexity in Proteinoid Networks

The transition from primordial chemistry to primitive biology presumably necessitated
the collaboration of peptides and oligonucleotides. The process of non-ribosomal peptide
bond emergence predates ribosomal synthesis. The dual functions of ribose, as a component
of nucleic acids and as an activator of peptides, may have played a crucial role in early
linkages. Phosphorylated amino acids may facilitate the linkage between proto-protein and
nucleic acid production.

To promote efficient peptide synthesis in water under prebiotic conditions, activation
is required to overcome hydrolysis. The oscillation of this was likely caused by either
sunlight or geothermal gradients on the early Earth. Mineral-assisted primordial photosyn-
thesis models have recently become more popular than deep sea vent models. Terrestrial
environments that contain a plentiful supply of phosphorus and potassium may have been
more favourable for the initiation of life.

UV-resistant base-paired nucleic acids and hydrogen-bonded peptides could have been
obtained through photochemical selection [178]. Short photo-stable sequences like stem-loops
or a-helices withstand irradiation. Peptide-binding RNAs were used to enhance the stability
of mixed complexes [179,180]. The presence of hydrophobic interactions among nonpolar
amino acids enhanced the ability of peptides to form structured arrangements, facilitating the
formation of membrane-like assemblies that served as templates for additional organisation.

Proteinoids, such as Sidney Fox’s microspheres, probably served a similar function by
creating organised microenvironments where complex proto-biopolymers might accumu-
late. The combination of diverse surface chemistries in proteinoids resulted in cooperative
effects and system-wide repercussions similar to those observed in current proteins. Their
intricate properties emerged from assembly driven by entropy, without the need of tem-
plates. Studying the self-organisation of proteinoids can provide valuable insights into the
fundamental forces that drove early evolution.

While genetics-first theories presently dominate beginnings of life research, concepts
like Oparin’s coacervates and Fox’s proteinoids better reflect the graded transition from
prebiotic chemistry to life’s sophisticated, hierarchical organisations [63]. The dynamic
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behaviour of proteinoids continues to uncover potential connections between inanimate
and living substances [178].

The transition from prebiotic chemistry to cells probably involved several significant
evolutionary stages. Biomolecules formed intricate aggregates such as chromosomes and
ribosomes, creating novel quasi-species. The divergence into distinct lineages was driven
by competition between quasi-species of different compositions. The integration of quasi-
species resulted in the development of more intricate systems over time.

As an illustration, ribozymes, proteinoids, and lipids may have worked together to cre-
ate ribosomes. Additionally, it is possible that proteinoids and other biopolymers may have
developed into chromosomes. Chromosomes and ribosomes were integrated into prokary-
otic cells, marking the emergence of the first fossilizable lifeforms. It is highly probable that
the proteinoids’ remarkable adaptability played a significant role in numerous transitions
during early evolution. The understanding of the physical basis behind their spontaneous
self-assembly and complexification offers ongoing insights into the development of life’s
hierarchical organisations.

The dynamic nature of proteinoids serves as a bridge between non-living and living
matter. Their gradual development towards cellular structures offers insights into the
origins of life that cannot be obtained from biological fossil records. Studying proteinoids’
capabilities allows us to piece together potential stages in the evolution from primordial
chemistry to the existence of even the most basic forms of life [181].

6. Unconventional Computing with Proteinoids

While unconventional computing applications may appear unrelated to the origins of life,
investigating the capacity of proteinoids to process and transmit information offers valuable
insights into the functions of proto-cells. The proteinoid networks described in this section
exhibit basic electrical excitability and conduction. These functions emerge from the inter-
action of basic chemical building blocks through hydrophobicity and molecular recognition.
Studying the mechanisms by which proteinoids transmit signals and react to stimuli provides
insight into how prebiotic environments may have facilitated early information transfer and
interconnectivity. The findings on the unconventional computing properties of proteinoids
also shed light on the potential evolution of biological communication and intelligence from
simple chemical origins. Hence, the utilisation of proteinoids in unconventional comput-
ing not only has evident bioengineering implications but also functions as an experimental
framework to investigate fundamental questions about the origins of life.

6.1. Memristive and Memcapacitive Behaviors

The memfractance properties [182] exhibited by proteinoids and proteinoid—mineral
composites emphasise their potential as bioelectronic materials. Figure 4 demonstrates
that pure L-Glu:L-Arg proteinoids display non-linear I-V characteristics with asymmetrical
hysteresis near 0 V, suggesting the presence of memristive-like memfractance. However,
when hydroxyapatite (HAP) biomimetic minerals are added, the memfractance properties
of the proteinoids undergo considerable changes. Figure 5 illustrates that the HAP growing
environment significantly improves the memfractance, resulting in a more than 20-fold
increase in the 1 V currents and almost complete elimination of hysteresis.

The findings demonstrate that the electrical characteristics of proteinoids can be
specifically adjusted through the process of templating and through interactions with
mineral substrates. The versatile memfractance allows for the manipulation of input signals
and the incorporation of memory effects into proteinoid networks. Continued research on
understanding the relationships between memfractance variables has the possibility for
further development of specialised bioelectronic devices using proteinoids. Proteinoids
possess a distinctive suitability as active materials for integrated biological-electronic
systems due to their lifelike excitability and tunable electronic response. Exploring various
assembly and compositional alterations offers promising prospects for creating adaptable,
versatile bioelectronic structures.
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Figure 4. Memfractance current-voltage characteristics of L-Glu:L-Arg proteinoids. The I-V curve
shows the nonlinear memfractance behavior, with currents of —3.95 pA at —1 V and 3.57 pA at +1 V.
Hysteresis is observed around 0 V, with currents of —0.6898 pA when sweeping from high to low
voltages and 0.9043 uA when sweeping low to high. The asymmetric I-V response demonstrates
that proteinoids can exhibit memristive-like electrical properties that may be harnessed for bioelec-
tronic applications. Further tuning the composition and assembly conditions enables engineering
proteinoids as adaptive, multifunctional electronic materials.

180 mg L-Glu:L-Arg seeds in HAP solutions
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Figure 5. Memfractance of L-Glu:L-Arg proteinoid gel in hydroxyapatite (HAP). The I-V characteris-
tics were measured with the proteinoid gel immersed in 200 mL HAP solution at pH 7.4, 0.15 M ionic
strength, and 37 °C. The HAP environment enhances memfractance, with currents of —77.4 pA at
—1V and 79.788 pA at +1 V. The near-zero current of —0.494 puA at 0 V indicates reduced hysteresis.
Incorporating biomimetic minerals thus tunes proteinoids” memfractance performance.

6.1.1. Electrical Excitability

The electrical signalling capacity of proteinoids [27,105,141,183-186] is partially at-
tributable to their synthetic pathway, as illustrated in Figure 6. Through intramolecular
condensation reactions, cyclic monomers such as pyroglutamic acid are produced when
amino acids are heated. Subsequently, these monomers undergo polymerisation to form
polypeptide chains, which coalesce into proteinoid microspheres. Pyroglutamic acid and
other cyclised amino acid derivatives provide the proteinoid backbone with rigidity and
stability. In addition, when organised into dense proteinoid aggregates, they generate
electrostatic dipoles that are capable of excitation and signal propagation. By adjusting
the composition and rigidity of the polymer during synthesis, the emergent excitability
of proteinoid systems is thus directly influenced. Determining the structure-function
relationships underlying the electrical properties of proteinoids will facilitate the practical
development of customised bioelectronic materials.

The inherent capacity of proteinoids to demonstrate electrical signalling patterns is
demonstrated by extended recordings of microspheres activity. Figure 7 displays voltage mea-
surements taken over a period of 21 h. The results demonstrate a continuous pattern of distinct
spikes, with enlarged sections emphasising their repetition throughout time intervals ranging
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from minutes to hours. The consistent and repetitive surges in electrical activity illustrate the
capacity of proteinoids to produce enduring electrical stimulation by self-arrangement.

The spikes have characteristics that resemble neuronal action potentials, as depicted in
the typical occurrence shown in Figure 8. The swift changes in electrical charge and subse-
quent restoration indicate the synchronised activation and recuperation of the microspheres,
facilitated by temporary electrostatic contacts among proteinoid subunits. The combination
of persistent spiking patterns throughout time and distinctive spike shape demonstrate how
the emergent dynamics of proteinoids can imitate crucial signalling behaviours observed
in biological brain networks [185].
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Figure 6. Amino acids undergo thermal polymerisation resulting in proteinoids. By means of intramolec-
ular cyclisation and condensation reactions, heating glutamic acid, aspartic acid, and lysine produces
pyroglutamic acid, cyclic diaspartic acid, and caprolactam, respectively (top). Cyclic amino acid derivatives
have the ability to undergo additional polymerisation, resulting in the formation of proteinoid microsphere
chains (see (bottom)). The figure depicts the standard chemical reactions that occur during the synthesis
of proteinoids from amino acid precursors. By manipulating the monomer composition and heating
conditions, it is possible to produce proteinoids with specific properties under control [187].

One proposed mechanism for the proteinoids’” intrinsic electrical excitability was
developed by Matsuno et al. [107]. A modelled interaction between basic proteinoid B
and acidic proteinoid A~ inside a microsphere S can be written as:

A~ +B* = A B* )
where all A~ are inside S and BT can enter and leave. The intake flow hgl of BT is:
B =ki(ng- —nge) 3)

The outflow of B is:
Wy = konpe 4)
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where ki and k; are interaction rate coefficients. Maintaining continuity:
i t
Ahp = hy —hg" —hg© =0 (5)

With accumulation rate h™ . As Bt accumulates, electrostatic attraction decreases,
reducing h%'. When hy' > hill, the difference widens due to instability around Ahg = 0.

But as BT decreases, electrostatic attraction increases hié“ again until it overcompensates,
starting the cycle again.
This sawtooth-like spiking arises from:
dhin
B
B (g =np-) = o0

(6)
The intrinsic instability and singularities in the dynamics lead to sharp, repetitive
spiking behaviors. The proteinoids’ electrical excitability emerges from the nonlinear
kinetics and non-equilibrium nature of the system.

The linear stability around the stationary state (k(lJ, kg, n%+) can be examined by con-
sidering small perturbations ky = k§ + x, ko = k3 + y, np+ = n%+ +z

(na- —n%y) —I3n%, —2(k) + k3)Ahg = 0 ?)
dx d dz
- =) = S

ar"'B — (K +K)) = =0

dt ®)
The linear increment A = % = % = % is:
A=K +K>0 )
This positive A indicates intrinsic instability. The dynamics satisfy:
{Ahg >0, d;;[? >0 (charging) (10)
Ahg <0, d’jﬁ* <0 (discharging)

The nonzero accumulation rate Ahp combined with the singularities in the kinetics
leads to oscillatory, spiking behaviors. The non-equilibrium thermodynamics underlying

the unstable dynamics and excitability could be further analyzed using systems approaches
like dissipative structures theory.

The accumulation rate Ahg can be written in terms of changes in the interaction rates:

dhic
T, = *(kl + kz)h%cc (11)
The changes propagate through the medium over time interval At:
Ak Aky
A = Bk, 7 = (Ako) (12)
Imposing flow continuity:
acc
(np- —ngse) —kongs + di At=0 (13)
In the limit as At — 0:

(nA— - 1’lB+) —kong+ — (k] + kz)h%cc =0 (14)
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The material flow equilibration maintains continuity:
dhaCC
TE; = kl(l’lA— — nB+) —kzi’lBJr (15)

The change propagation and continuity constraints lead to the dynamic instabilities
and spiking.
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Figure 7. Long-term electrical activity in proteinoids microspheres. Voltage recording over 21 h exhibits
characteristic spiking patterns, with magnified inserts showing details of spikes over time. The continued
signaling demonstrates sustained excitability arising from the proteinoids’ self-assembly.
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Figure 8. A typical spike in proteinoids electrical potential. The spike displays rapid depolarisation
and repolarisation phases. This transient electrical event results from electrostatic interactions
between proteinoid dipoles, which produce propagation of excitation through the microsphere
network. The spike shape shows proteinoids can mimic key features of neural action potentials.

6.1.2. Ionic and Protonic Conduction

The excitable dynamics of proteinoids are supported by their ability to conduct both
ionic and protonic electrical currents [185,188].

We can hypothesize that organised proteinoid assemblies utilise the inherent redox
properties of amino acids to regulate transmembrane ion gradients. The presence of
water layers surrounding hydrated proteinoids can create distinct boundaries, effectively
separating the distribution of ions inside and outside.

The chemical structures of proteinoids give rise to their selective binding and permeation
properties. Their amphiphilic nature facilitates the formation of selective interactions and gradi-
ents of cations such as K™, Na™,Ca?*, and Mg?*. The proteinoid gels effectively concentrate K™
over Na™ in a manner similar to living cells, despite the absence of a membrane. The conduction
mechanism involves the movement of protons between closely packed proteinoids.
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The charging dynamics are influenced by the composition, morphology, and per-
meability of proteinoids. Conduction is influenced by environmental factors such as pH
and ionic strength, which have the ability to alter surface charge and solvation. The ver-
satility of proteinoid systems enables the customisation of ionic and protonic currents
that underlie intricate excitation patterns and information transmission. The molecular
properties of proteinoids and their impact on macroscale electrochemical gradients and
electrical activities offer valuable insights into bioinspired engineering and the origins of
cellular bioenergetics. The remarkable capabilities of proteinoids in ion selection, pumping,
and signalling underscore their potential as protocell materials that can bridge the gap
between non-living and living electrophysiology.

6.2. Configurable Analog Logic Operations

Unconventional computing systems inspired by biology are feasible due to the spik-
ing dynamics and modifiable interactions exhibited by proteinoid networks. Examples
of analogue logic operations that can be implemented in collections of signalling pro-
teinoids microspheres are amplification, integration, and thresholding. These result from
the modulatable connections and intrinsic excitability of proteinoids.

Proteinoid interaction patterns are generated from applied inputs such as voltages,
sounds, and photons via nonlinear transfer functions. By observing alterations in molecular
diffusion or electrical activity, output signals are deduced. By adjusting environmental con-
ditions, proteinoid composition, and morphology, it is possible to configure the functions.

Proteinoids organised in networks with predetermined connectivity are capable of
processing multiple inputs and outputs. Cascading logic operations facilitate the manipula-
tion of complex signals. Hybrid combinations with other materials facilitate digital system
and real-world input interfacing. Proteinoid computing leverages adaptive, collective
behaviours in order to process information at an advanced level.

Systematically delineating the computational capabilities of proteinoids and imple-
menting designed functions as opposed to emergent ones remains an unresolved challenge.
Proteinoid computing architectures that are robust and generalizable necessitate traversing
multiple scales, beginning with molecular interactions and progressing to collective ensem-
ble behaviours. Nevertheless, the abundance of proteinoids continues to unveil appealing
prospects for analogue computing inspired by biology.

The combination of programmability and lifelike dynamics in proteinoids makes them
highly promising materials for unconventional computational paradigms. The intriguing
parallels between primordial cognition and the configurable, collective information pro-
cessing of synthetic protocells are highlighted. Proteinoids contribute to the development
of unconventional bioelectronic systems and illuminate potential pathways from prebiotic
chemistry to proto-life [58,171,189,190].

6.3. Spiking Neural Network Dynamics

Proteinoid network emergent spiking behaviours are strikingly similar to the exci-
tation dynamics observed in biological neurons: proteinoids exhibit propagating spikes,
refractory periods, and explosive patterns that are characteristic of neural activity through
spontaneous self-organisation [27,105,141,183-186]. In the absence of genetic encoding, this
presents a compelling model system for investigating the origins of neural-like signalling.

Proteinoids exhibit analogue spiking responses; however, for precise signal propaga-
tion, optimising network connectivity via synaptic-like junctions could facilitate digital,
all-or-nothing spikes. Incorporating plasticity into proteinoid networks could enable them
to be tuned similarly to artificial neural networks in order to acquire associations and
recognise patterns. Incorporating actuators for outputs and sensing elements for external
inputs would complete the essential components of closed-loop neural control.

Scaling the intricacy of proteinoid networks to match the enormous dimensionality
of biological brains is a significant obstacle. This necessitates hierarchical architectures as
opposed to haphazardly interconnected spheres. Compositional diversity and morphologi-
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cal control innovations will be crucial. However, cascades of emergent complexity can be
observed in even the most basic proteinoid networks due to their collective interactions.

The investigation of natural neural dynamics and proteinoid signalling in comparison
provides advantages for both engineering and biology. Proteinoids serve as scaffolds to
reveal fundamental mechanisms, whereas neural networks propose design principles for
the development of sophisticated proteinoid computation. This dialogue underscores the
profound compatibility that exists between the investigation of the origins of life and the
progression of biological intelligence.

The biomimetic parallels that proteinoid networks continue to reveal now extend to
neural systems. Ongoing collaboration between bottom-up synthetic biology and neurobi-
ology holds great promise for groundbreaking advancements in understanding the origins
of cognition and creating artificial replicas of such capabilities. Proteinoids continue to
serve as an intermediary between inanimate and organic complexity [105,188,191].

6.4. Evolutionary Learning Capacities

Proteinoids display several biomimetic characteristics that offer insights into the early
cognitive and evolutionary abilities of proto-life. The heat condensation process allows for
the preferential buildup of stable, functional sequences over less viable polymers. Proto-
catalytic proteinoids have the ability to proliferate in a way that favours their own existence,
contributing to the process of molecular evolution towards increased complexity [192-194].

Protocells, when organised, exhibit emergent responses to stimuli that result in ba-
sic adaptive behaviours [186]. In conjunction with reproduction, heritable variations in
composition could facilitate the process of natural selection, leading to the survival of
more advantageous populations. Proteinoid protocells that have the ability to bind re-
sources, detect gradients, and actively migrate towards favourable conditions would have
a competitive advantage over other protocells [45].

The combination of self-organisation, learning, and selection forms a basic evolution-
ary loop. Iterating over generations enables a step-by-step adjustment of responsiveness,
signalling, and collective dynamics.

Utilising the biomimetic characteristics of proteinoids could facilitate the development
of lifelike materials that possess the ability to adapt autonomously. Bioinspired evolution-
ary algorithms propose methods for encoding adaptable characteristics and behaviours.
Dynamic proteinoid composites provide favourable conditions for flexible investigation of
various arrangements and functionalities.

The bridging of non-living and living materials by proteinoids offers insight into the
genesis of evolvable systems. The combination of their ability to self-organize, exhibit proto-
cognition, and engage in selective processes provides potential stages in the emergence of
life. Investigating the evolutionary learning of proteinoids enhances our comprehension of
the origins of biology and the ambitions of biological intelligence [118,193,195].

6.5. Hybrid Proteinoid—Inorganic Systems

The combination of proteinoids with inorganic materials provides opportunities to
improve their assembly, dynamics, and functioning. Specifically, when combined with cal-
cium phosphates such as carbonate apatite (CAP), it results in the formation of bioinspired
organic-inorganic composites [75]. The process of thermally condensing proteinoids in the
presence of CAP results in the formation of heterogeneous nucleation on proteinoid chains,
which is driven by interactions with Ca?* ions.

The process of templating creates structures that resemble the layers of an onion,
with proteinoids creating many layers around a core made of—carbonate apatite (CAP)
Figure 9. The morphology can be adjusted from particles at the microscale to hybrids at the
nanoscale. In addition to providing mechanical reinforcement, the introduction of hydrox-
yapatite (HAP) modifies the electrical, optical, and chemical properties of proteinoids.
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Figure 9. Onion-like proteinoid—CAP nanostructures. This is a scanning electron micrograph that
displays proteinoids arranged in many layers around a carbonate apatite (CAP) core. The proteinoids
are templated on HAP substrates. The onion-like structure is formed due to the selective aggregation
of proteinoids around the mineral particles during nucleation. The scale bar is 500 nanometers.
The magnification is 60,000 times. The spot size is 2.0 and the accelerating voltage is 2.0 kilovolts.

There are multiple proteinoid-inorganic composites that can be created by taking
advantage of various mineral interactions [196]. Silicates facilitate the process of polymeri-
sation and the creation of membranes, whilst clays assist in the organisation of molecules.
Introducing magnetic nanoparticles or quantum dots into proteinoids enhances their capa-
bilities for sensing, actuation, and manipulation. Photoactive minerals enable the collection
of energy in proteinoid photoanodes [60,197,198].

The investigation of proteinoid—inorganic hybrids propels the progress of bioinspired
materials chemistry and engineering. The composites incorporate features ranging from
semiconductivity to magnetism, while still maintaining essential proteinoid capabilities.
This broadens the range of possible uses in the fields of catalysis, photonics, medication
delivery, and electronic devices. The self-organised integration also offers models for
studying biomineralisation and proto-cellular development.

Proteinoids consistently demonstrate remarkable adaptability when combined with
functional nanomaterials, resulting in synergistic effects. Their receptiveness to hybridisa-
tion underscores the significance of dynamic biomolecules as captivating constituents for
future bioinspired systems [45].

6.6. Potential for Low-Power, Adaptive Biocomputing Devices
6.6.1. Memory and Switching Applications

Proteinoids are suitable for memory and switching applications, including biologically
integrated devices, due to their versatile electrical properties. Proteinoids are capable of
neuromorphic computation and nonvolatile data storage due to their memristive properties.
Their modifiable conduction states emulate synaptic plasticity in order to facilitate pattern
recognition and learning.

Complementary metal-oxide-semiconductor (CMOS) logic integrated with proteinoid
memristors can produce dense, low-power adaptive biocomputing architectures. In-
memory computation enables an on-chip data processing that is efficient. In addition,
biocompatibility permits biosensing applications in which proteinoid networks are recon-
figured in response to stimuli to improve signal detection and amplification.
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The lifelike signalling dynamics of proteinoids have the potential to enhance im-
plantable devices such as brain—computer interfaces. In situ learning and stimulation
modulation facilitate biological system integration. Cell composites containing composite
polymers enable electrical or pharmacological manipulation of cultures.

Scalability and ensuring stable encapsulation for physiological operation are obstacles.
The rich potential of adaptable, low-power bioelectronics, nevertheless, inspires sustained
effort. The convergence of top-down microfabrication and bottom-up synthetic biology
holds great potential for groundbreaking scientific and practical developments at the
intersection of electronic computing and biology.

Proteinoids continue to serve as model systems that unveil potential avenues for
enhancing electronics with autonomous and realistic capabilities. Leveraging proteinoids
for unconventional biocomputing underscores the potential for synergies between the ad-
vancement of biological intelligence and the comprehension of the origins of biology. Their
biocompatibility, switching capabilities, and memory all stimulate bioinspired technological
innovation [199-201].

6.6.2. Neuromorphic Circuits

Because of their emergent electrical excitability, signalling behaviours, and dynamic
assembly, proteinoids provide novel prospects for bio-inspired neuromorphic engineer-
ing. Crossbar arrays of proteinoid memristors with changeable conductivities imitating
plasticity could provide vast synaptic connections for in-memory computing. Distributed
Boolean operations and reconfigurable bio-logic would be possible with modular logic
gates made from spiking proteinoids.

Furthermore, because proteinoid hydrogels are biocompatible, they can be used as
extracellular matrix scaffolds for interacting with biological neuronal cells. This allows for
the development of hybrid biological-synthetic networks for neuroscience research and
medical devices. Composite materials that mix proteinoids and organic electronics provide
the benefits of both biofunctionality and established device integration [202].

Beyond solid-state electronics, leveraging proteinoids’ signalling, diffusion, and re-
sponse capabilities offers up novel modalities for neuromorphic processors. Using diffusing
chemicals to programme proteinoids to interact creates reaction—diffusion patterns for syn-
thetic chemical computation. Impedance-modulating biosensors inspired by sensory organs
are created by including enzymes or receptors.

Proteinoids’ versatility in electronics and chemistry position them as intriguing build-
ing blocks for future neuromorphic systems with lifelike adaptability, autonomy, and intel-
ligence. Using proteinoids to realise bio-inspired computing highlights their potential for
uncovering paths from primordial chemistry to primitive cognition [52].

6.6.3. Elucidating Synaptic-Like Linkages in Proteinoid Systems

Complex behaviours in even the most basic biological systems depend heavily on
networks of molecular interactions and signalling channels [203-205]. Although contempo-
rary cells employ complex protein machinery to transmit information, the beginnings of
biological communication probably emerged in simpler chemical processes. Remarkably,
amino acids can spontaneously create abiotic condensates that display remarkably complex
realistic behaviours. This section investigates the potential of higher-order assembly and
microscopic fluidity in proteinoids, which are non-living polypeptide complexes, to create
synaptic-like connections capable of transmitting information in a basic way. Understand-
ing these systems offers important insights into how the adaptable signalling structures
commonly found in existing life may have initially developed.

The depicted Figure 10 showcases an artificial neural network model that offers a
conceptual computational depiction of the dynamic signalling behaviours observed in in-
terconnected networks of proteinoid microspheres [141]. The individual proteinoid vesicles
are represented as artificial neural network (ANN) nodes, with weighted connections that
can be compared to synaptic strengths. The weights correspond to postulated diffusive or
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electrical connection between neighbouring microspheres, facilitating the transmission of
spikes. However, the specific physical mechanisms are still being investigated.

Key mathematical variables are defined to represent various components of the anal-
ysis of neural spiking. Vector t € R" denotes time points in seconds when voltage mea-
surement samples are obtained. Matrix p € R"*12 contains the voltage potential values in
volts across 12 sampling points at each time step. Scalar N € N refers to the total number
of neurons present in the artificial neural network model. Parameter T € R signifies the
time window size in seconds utilised to determine spiking patterns from voltage traces.
Threshold 6 € R specifies the cutoff voltage level in volts for detecting spike events
within recording intervals. Matrix ¢ € 0, 1V*" maps out identified spike timings for all N
neurons over the n time points, with 1 representing a spike and 0 representing no spike.
Finally, weight matrix W € [—1, 1]N*N stores the connection strengths ranging between —1
and 1 for all N x N neuron pairs in the network. Together, these mathematical variables
represent key components characterising both the neural activity dynamics and underlying
structured network architecture.

Then, for each samplei =1, ...,12, we have:

Cji = 1P]',i >0- (T — min Pk Pki > 9) (16)
ke[1,1]

where 1p;; > 6 is an indicator function that returns 1 if p; ; is greater than 6, and 0 otherwise.

The temporal coding represents spikes as discrete events based on measured potential traces.

The input data comprise measurements of electrical potentials in proteinoid samples,
which exhibit spiking patterns similar to those observed in neurons. Temporal coding
converts the spikes into distinct signalling occurrences for every virtual node. Unsuper-
vised learning algorithms subsequently modify the simulated synaptic weights in order to
accurately represent the observed co-activation correlations, replicating the self-organised
structure of the experimental proteinoid networks.

The ANN model offers a conceptual framework to investigate the emergence of
collective excitation and transmission in proteinoid systems; however, it requires a more
comprehensive understanding of the underlying biophysics. The combination of in silico
modelling and in vitro research is further enhancing our understanding of how lifelike
behaviours emerge in proteinoid protocell communities [206,207].
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Figure 10. The PSI and PPI values of several proteinoids are shown in the colour map. The postsynap-
tic index, or PSI, measures the strength of interneuronal connections in a network, either chemically
or functionally. For post-postsynaptic index, see PPI. It measures how effective interneuronal connec-
tions are within a certain network. Lighter shades of yellow imply higher PPI values, while darker
shades of blue suggest higher PSI values. The relationship between postsynaptic and presynaptic
neurons and how they affect proteinoid function is depicted in the map.
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6.6.4. Biosensing and Bioelectronics

Because of their biocompatibility, adjustable construction, and emergent electrical
properties, proteinoids provide interesting possibilities for biosensing and bioelectronic
systems. Spiking dynamics have been observed in networks of proteinoid microspheres,
which could enable neural-mimetic signal processing and logic operations. Proteinoids
also have configurable memfractance behaviours that allow them to convert stimuli into
readable outputs.

They can detect biomarkers and biological substances by functionalising amino acids
with ligands or enzymes. Coupled with electrical or optical signals, point-of-care di-
agnostics can be quantified quickly and affordably. Proteinoids’ stiffness and stability
enable a strong performance in complicated media. The incorporation of microfluidics and
nanomaterials can improve sensitivity.

Proteinoids’ flexible electrical properties further position them as bioelectronic inter-
face components. Their dynamic construction allows for conformal sensor connections
for better in vivo recordings. Proteinoids also hold potential for regulated drug release,
therapeutic stimulation, and cell behaviour modulation.

Ongoing research is aimed at unravelling the mechanisms underlying proteinoids’
sensing capacities in order to build responsive materials. Using proteinoids for applica-
tions ranging from real-time monitoring to biocomputing necessitates an interdisciplinary
approach encompassing chemistry, biology, physics, and engineering [208].

Proteinoids, due to their adjustable design, emergent dynamics, and biocompatibility,
offer a wide range of options for biosensing and bioelectronic technology. Based on their
composition and self-assembled nanostructure, peptide-based hydrogels provide a wide
range of biological, pharmacological, and technological uses, as summarised in Table 1.
Proteinoids, as synthetic polypeptides, have similar customizability and biofunctionality
advantages. Proteinoid hydrogels could be developed for scaffolding cells, controlled
drug delivery, shear-thinning injectables, and other applications by optimising proteinoid
monomers and polymerisation. Taking advantage of proteinoids’ peptide-like properties
will allow them to be used in more versatile bioinspired materials and technologies. Pro-
teinoids’ programmable assembly, excitation dynamics, and biointegration make them an
appealing platform for improving bioelectronics, biosensing, and biocomputing.

Table 1. Applications of proteinoid-based hydrogels [208].

Type of Proteinoid Amino Acid Used Uses
Dipeptide Diphenylalanine, Scaffolds, carriers,
pep Glyoxylamide, Tryptophan tissue engineering
Tripeptide Cysteine, Phenylalanine Biosensing, biomedicine
. Glycine, Phenylalanine, .
Tetrapeptide Tyrosine, lysine Ocular drug delivery
. Histidine, Proline, . .
Pentapeptide Lysine, Valine Self-repair, cell transplantation
Hexapeptide Alanine, Valine, pH measurement,

Glycine, Proline

metastasis suppression

Oligo-peptide

Phenylalanine, Tryptophan

VCatalysis, immunisation,
biosensing

Polypeptide

Arginine, Glycine, Aspartic
acid, Glutamic acid

Anti-inflammatory drug
delivery, cell culture

7. Conclusions

Proteinoids are still proving to be a valuable system for studying the origin of life
because they can be easily synthesised in prebiotic conditions, they have features that
resemble living organisms, and they possess basic cognitive capacities. Amino acid blends
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can be heated to produce polypeptide assemblies that display essential features of primitive
life, such as catalytic activity, microtubule production, protocell structures enclosed by
membranes, and self-replication behaviour. Proteinoids possess inherent electrical excitabil-
ity and adjustable signal processing, which suggest the presence of early problem-solving
abilities. While far from modern organisms, proteinoids reveal plausible pathways by
which the first polypeptides could have acquired lifelike behaviors like signaling, learning,
and control. The potential of proteinoids as primitive cognitive systems is demonstrated by
experiments that integrate them into synthetic proto-neural networks and biocomputing
architectures. While there are still many unanswered concerns about the beginnings of
coding and developing life, proteinoids provide valuable insights into the potential con-
nections between prebiotic chemistry and the early development of collective dynamics,
memory, and intelligence that preceded the birth of life on Earth. Their strong origin and
extensive capacities continue to illuminate the gradual transition from non-living matter to
conscious life forms.
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