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The origin of life, being one of the most fascinating questions in
science, is increasingly addressed by interdisciplinary research.
In addition to developing plausible chemical models for
synthesizing the first biomolecules from prebiotic building
blocks, searching for suitable and plausible non-equilibrium
boundary conditions that drive such reactions is thus a central
task in this endeavor. This perspective highlights the remarkably
simple yet versatile scenario of heat flows in geologically
plausible crack-like compartments as a habitat for prebiotic
chemistry. Based on our recent findings, it is discussed how
thermophoretically driven systems offer insights into solving
key milestones in the origin of life research, such as the
template inhibition problem, prebiotic symmetry breaking, and

the promotion of prebiotic chemistry by selective enrichment
of biochemical precursors. Our results on molecular-selective
thermogravitational accumulation, heat flow-induced pH gra-
dients, and environmental cycles are put in the context of other
approaches to non-equilibrium systems and prebiotic
chemistry. The coupling of heat flows to chemical and physical
boundary conditions thus opens up numerous future exper-
imental research avenues, such as the extraction of phosphate
from geomaterials or the integration of chemical reaction
networks into thermal non-equilibrium systems, offering a
promising framework for advancing the field of prebiotic
chemistry.

Introduction

The search for the processes that led to the emergence of life
on early Earth is one of the fundamental questions of science
and an inherently interdisciplinary endeavor. Prebiotic
chemistry is central in investigating possible reaction pathways
to the presumed first molecules of early life. For the reaction
models under consideration, the driving non-equilibrium boun-
dary conditions of the early Earth are critical. These are
discussed in geosciences, astronomy, astrobiology, and physics,
which ideally leads to an ongoing dialogue between the
disciplines to constantly re-evaluate the plausibility of the
considered chemistry and find more non-equilibrium systems
to drive them. The interdisciplinary opening of the field in the
last decades has also been accompanied by a move towards a
systems approach in prebiotic chemistry, which has recently
opened up new possibilities for, e.g., the joint synthesis of
nucleotides and amino acids under increasingly realistic
conditions,[1–3] the discovery of highly versatile, synthetic
chemical replicators,[4] and the improved understanding of
complex prebiotic reaction networks.[5–7]

This transition to treating more complex, higher-level
systems is necessary because the emergence of a self-sustaining
chemical system capable of Darwinian evolution in a fully

isolated, minimal system is impossible.[8] Just as modern life
creates a wide variety of reaction conditions simultaneously
through spatial heterogeneity and organization in cells[9] and
can secure its existence through the supply of “simple” external
energy, the raw boundary conditions on the early Earth must
have led to the first selforganization of life from even simpler
starting materials and nonequilibrium boundaries (Figure 1).[10]

The modeling of these initial processes appears insurmountably
difficult, considering the complexity of the various reaction
compartments in modern life‘s cells. For example, central parts
of the metabolism in cells utilize complex membrane proteins
that exploit chemical gradients.[11] However, the proteins
themselves are synthesized elsewhere in the highly adapted
reactive centers of the ribosomes.[12] Protected by membranes
against dilution by diffusion or external disruptions, modern life
forms transport their reactants selectively via directed processes
through the cytosol,[13] which can be seen less as a disorganized
“soup” and more as a highly structured functional matrix. This
high degree of supply-pathway-guided structuring extends
even to multicellular organisms and beyond,[14] raising the
question of which processes stood at the beginning of this
astonishing development. Just as living systems are driven
through a constant supply of external energy,[15] there must
have been external processes four billion years ago that
spatially organized and fueled the initial prebiotic reaction
networks that were necessary for the emergence, robust
maintenance[16] and spread of the first life.[17] The search for
such ideally simple non-equilibrium processes driving minimal
life is not a unique feature of the Origin of Life field but also a
central question of synthetic biology, where it has been
successfully shown that even the simplest non-equilibrium
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systems can become astonishingly life-like through spatial
heterogeneity or even generate spatial selforganization.[18,19]

With this in mind, this perspective focuses on heat flows as
a remarkably simple but widespread non-equilibrium process. It
discusses how thermal gradients might have driven and
spatially organized prebiotic chemistry.[20] First, molecule-selec-
tive thermophoresis is addressed, which is the directional
movement of solutes in temperature gradients, complementing
previous reviews about general non-equilibrium systems in the

context of the origin of life.[21] Then, the plausibility and
availability of heat-flows on the early Earth and how these can
enrich and select prebiotic molecules are covered. Moving from
specific to general concepts, approaches to the problem of
template inhibition in molecular evolution are addressed,
concluding with the discussion of symmetry-breaking mecha-
nisms on the early earth and the provision of optimal habitats
for prebiotic molecular evolution. These aspects will be
discussed with respect to previously explored models and how
heat-flux driven non-equilibria compare with these existing
approaches.

Heat Flows and Thermophoresis

Heat takes on a special position in nature compared to other
forms of energy. While it is represented microscopically as
statistically distributed kinetic energy and thus assigns a specific
temperature to an object, heat cannot be utilized in an
equilibrated, closed system. As such, it is a universal energetic
waste product, as it is usually produced in non-reversible
physical and chemical processes according to the second law of
thermodynamics until equilibrium is reached. Although it
enables chemical reactions through, e.g., the heat of activation,
most prebiotic models assume a thermally equilibrated system
despite its ubiquitous sources on the prebiotic earth.[22] In a
closed chemically equilibrated system, even catalysts would not
be able to initiate any further reactions, so the question arises
as to which physical non-equilibrium conditions could revitalize
such inactive systems. This work aims to highlight the flow of
heat as a driving force for initiating and driving chemical
reactions through molecular selection and cycling of chemical
conditions in a minimal space, which justifies an overview of
the significant sources of heat on the early Earth or Earth-like
planets (Figure 2).

Major heat sources early on are radiogenic geomaterials,
primarily 235Th, 40K, and 235U isotopes,[23] in the first million years
also 26Al, which yields between 106 and 102 TW of heating
power.[24] Planetary deformation by tidal forces is another heat
contributor until the orbital period of the satellites is synchron-
ized with the planet‘s rotation.[25] The heat generated in this
way inside the planetary body can be released at the surface,
for example, through volcanic activity.[26] In this process, the
molten rock can be cooled quickly by contact with water,
yielding an amorphous glass state,[27,28] which is under high
thermal stress due to the large temperature differences that
occur. The resulting interconnected and water-filled cracks in
the rock can generate extensive microfluidic flow systems that
implement geothermally driven flow velocities over several
orders of magnitude.[29] This scenario will be discussed in more
detail later. Further geological heat sources include exothermal
reactions such as the serpentinization of olivine-containing
rocks, which can occur continuously over thousands of years
and implement porous and thermal heterogeneous hydro-
thermal systems.[30–32]

A heat source that is often considered to determine the
habitability of a planet, e. g., the possibility of liquid water, is
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Figure 1. Heterogeneous systems to drive life. (a) Spatial heterogeneity in cells
enables life to run an enormous number of different reaction networks in
parallel in a controlled manner. Replication of genetic information, the
synthesis of proteins, metabolism or the selective transport of reaction partners
and products as well as their local concentration enable the maintenance of
life with the supply of external energy. (b) The prebiotic earth offers a variety of
different boundary conditions for prebiotic chemistry. For modelling prebiotic
chemistry, it is essential to understand their interplay and how they might have
implemented minimal aspects of the processes described in (a).

Wiley VCH Donnerstag, 29.08.2024

2405 / 363154 [S. 37/51] 1

ChemSystemsChem 2024, 6, e202400039 (2 of 16) © 2024 The Authors. ChemSystemsChem published by Wiley-VCH GmbH

ChemSystemsChem
Perspective
doi.org/10.1002/syst.202400039

 25704206, 2024, 5, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/syst.202400039, W
iley O

nline L
ibrary on [15/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



solar radiation and its balance between absorption and back
reflection, given as albedo, that also includes the effect of
prevalent greenhouse gases such as CH4, CO2 or water vapor.[33]

Radiative heating can also cause localized temperature fluctua-
tions due to the self-rotation of non-tidally-locked planets, thus
keeping them in a constant thermal non-equilibrium to drive,
e.g., continuous dry-wet cycling.[34] Even more localized sources
of heat could have been implemented by the impact shock of
meteorites, contributing to the synthesis of prebiotic
molecules.[35,36]

In geological systems, the prevalent heat sources would
lead to the formation of significant temperature gradients
through the water and enclosed gas phases due to their orders
of magnitude differences in thermal conductivities
(kgas � 50 mW=mK;[37] kH2O � 0:5W=mK;[38]

kquartz � 7 W=mKÞ:[39] For example, fast and hot flows through
rock cracks (Tflow � 100�C) that run close within 10 mm to its
outer ocean-cooled wall (Tocean ¼ 4�C) could allow a temper-
ature difference of 15 K in thin intermediate, water-filled fissures
(width: 170 mm), which corresponds to the thermal settings
often used in lab experiments.[40–43] As discussed below, even in
the case where heat sources and sinks are further apart (e.g.
20 cm), temperature differences of 1 K would still be present
across the 170 mm wide pore, resulting in significant selection
effects on dissolved prebiotic constituents due to the large size
of geological systems.[40] Also for gases, heat conduction is still
significant and strongly dependent on the geometry and

surface properties of the respective system, as it includes
convective and radiative contributions in addition to diffusive
conduction, making heat flows ubiquitous on the prebiotic
Earth.

A direct consequence of thermal non-equilibrium systems
and the resulting temperature differences, especially across
liquid phases, is the driven movement of solutes, also known as
thermophoresis. The directional drift vT ¼ � DT � rT depends on
the strength of the local temperature gradient rT as well as on
a solute-dependent thermophoretic mobility DT . The latter has
been extensively experimentally researched for systems in the
Boltzmann limit of small thermal gradients
rT < d � DT=Dð Þ� 1;[44,45] with d denoting the size of the solute
and D its ordinary diffusion coefficient, and for highly nonlinear
regimes in which the time scales of thermophoretic drift
become small compared to the diffusion time scales.[46] Further
investigations were carried out for binary and ternary mixtures
of non-polar solvents[47] and diluted solutes in aqueous
solutions, especially for biopolymers such as DNA or RNA and
some of their building blocks.[48–51] These experiments showed
that thermophoresis, especially in aqueous media, is a surpris-
ingly complex effect and depends on various solute and solvent
properties, posing considerable challenges for its theoretical
description. For colloidal particles and biopolymers, either the
surface fluxes were considered as a result of heat flow-induced
stresses or as a statistical system whose development can be
described by a thermodynamic potential,[52–56] whereby unifying
approaches were also pursued.[57] Since the thermophoretic drift
will result in a local concentration gradient rc of the solute, the
Soret coefficient ST ¼ DT=D is often used to quantify the relative
strength between thermodiffusive and counteracting ordinary
diffusion. In the case for prebiotically relevant molecules, e.g.,
charged molecules in saline, aqueous solution, the above
studies show an increasing ST with the absolute temperature T ,
the size of the solute a, the Debye Hückel length lDB � 1=

ffiffiffiffiffiffiffi
csalt
p

as a function of the salt concentration csalt of the solvent, as
well as the solutes surface charge QS. As the thermophoresis of
small organic substances in aqueous solution is notoriously
hard to describe theoretically, molecular dynamic simulations
could make an important contribution to its understanding.[58]

Due to these complex dependencies, Soret coefficients can
range in order of magnitude from 10� 4 1=K in the case of some
salts,[59] 10� 3 1=K for nucleobases,[40] and up to 1 1=K for
kilobase pairs of DNA.[54] Despite these massive differences,
thermophoresis itself is a weak effect. For example, the
thermophoretic drift for nucleotides would be in the range of
less than 1 mm=s even for fairly steep temperature differences
of DT ¼ 10 K over 170 mm. In equilibrium with the counter-
acting diffusive flux jD ¼ � rcD ¼ vT � c, the resulting concen-
tration profile yields c xð Þ � expð� ST � DTÞ, corresponding to a
local change in concentration of only 1–2% (Figure 3a).[60] On
an early Earth, such minor differences would have only a
minimal influence on the prebiotic chemistry even with extreme
applied temperature gradients. Given that the Soret coefficient
scales inversely with the ionic strength of the solution, the high
salt concentrations, often in the hundreds of millimolar regime
necessary for ribozymes with magnesium salts, would lead to a

Figure 2. Possible sources of heat-flows on the early earth. Material heated by
nuclear processes or tidal heating can reach the surface through volcanic
activity, for example, and thus generate strong temperature gradients.
Exothermic reactions such as serpentinization of olivine form further long-
lasting sources of geothermal fluxes and heat flows. Surface temperature
gradients can be provided globally by thermal radiation from the central star
or locally by externally heated matter entering the atmosphere.
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further reduction in this effect.[44,61] However, since the
thermophoresis becomes stronger with the surface charge of
the solute, an interesting selection possibility for phosphory-
lated (pre� )biomolecules arises since phosphate groups are
charged under neutral conditions and could, therefore, be
preferably selected by heat flows. This ability would be
particularly important because phosphorus is probably scarce
on the early Earth, and phosphate or phosphorylated prebiotic
substances should ideally be protected from diffusion losses
into the dilute bulk medium by natural processes.[62] Polyphos-
phates, in particular, the cyclic trimetaphosphate (TMP) are of
great relevance here, as they can drive peptide formation in
water[63,64] or the phosphorylation of nucleosides that boosts
their Soret coefficient 2 to 3 times.[40]

Together with the theoretical models mentioned above,
numerous sophisticated experimental techniques have been
developed since the discovery of thermophoresis to measure its
strength for various solutes. Earlier methods relied on measur-
ing changes in electrical conductivity or potential from heat-
flow-driven concentration profiles in relatively large, centi-
meter-scale measurement chambers to analyze the thermopho-
resis of salt ions.[59,65] Thanks to advances in micromanufacturing
and analytical methods, measurement volumes have finally
shrunk into the microliter range and below, as recently
reviewed in detail.[66] Thanks to the reduced measurement
volumes, even analytes that are difficult or expensive to
synthesize can be investigated reliably. The main challenges
using such small measurement volumes are the precise
definition of the chamber geometry and temperature profile,
precise temperature measurements within the heat-flow cham-
ber, and the readout of the concentration profile generated by

thermophoresis. The temperature profiles can be generated by
the absorption of IR laser beams,[48,54] by coupling heat
reservoirs such as resistive heaters with highly thermally
conductive materials,[67] for example, (coated) metals or sap-
phires if an optical readout is required, or by differently
tempered flow-streams near the measurement cell.[68] In any
case, continuous cooling and heating is necessary to keep the
system in a thermal non-equilibrium steady state (NESS) and
thus ensure a constant temperature profile.

In terms of readout, optical methods have the inherent
advantage of not interfering with the concentration profile,
implementing a very clean measurement system. Prominent
examples include thermal diffusion forced Rayleigh scattering
(TDRFS), in which a pattern is generated in the measuring
chamber by the interference of “writing” laser beams, the
absorption of which leads to a periodic temperature profile. The
concentration and, thus, refractive index profile generated by
the thermophoresis of the solute to be measured is then read
out by a laser of a different wavelength.[69–72] Another method,
which has been used mainly in the pharmaceutical context,[73,74]

is microscale thermophoresis, in which a radial temperature
profile is generated by the absorption of an IR laser spot in a
capillary filled with the analyte (Figure 3a). Here, the concen-
tration profile is measured by fluorescence microscopy, which
requires prior labeling of the analytes.[75] The latter method is
particularly suitable for larger biomolecules such as proteins or
DNA and RNA strands, as it offers high sensitivity, nanoliter-
volume capabilities, and the simultaneous measurement of
several analytes when using different fluorophores. In contrast,
the thermophoresis of prebiotically relevant, smaller biomole-
cule building blocks such as individual nucleotides, bases, or
amino acids would be severely altered by the relatively large
dye molecules, making non-label-based methods more suitable
in this case.

The sensitivity of the above methods can be enhanced by
using the principle of thermogravitational columns (Figure 3b),
which is discussed in more detail below and utilized first for
isotope separation in the gas phase.[76] In these cells, the
different temperature-controlled sides enclose a volume with a
large height-to-width ratio r ¼ h=a, so that in addition to
thermophoresis, a pronounced convection flow of the solvent is
formed.[76,77] The interaction of both effects amplifies the
concentration profile achieved with the same temperature
difference by orders of magnitude (Figure 3b lower), which can
ultimately be used to increase the signal-to-noise ratio in
concentration measurements. Possible analysis methods include
optical, e.g., refractometric,[78] interferometric,[71,72,79] or
fluorescence-based methods,[80] but also the subsequent meas-
urement of collected samples from spatially separate outputs in
continuous flow-through systems.[41,81,82] In the context of pre-
biotic substances, there has recently been a need for a method
that allows the concurrent measurement of thermophoresis in
complex mixtures of more than 15 different compounds at low
micromolar concentrations and small sample volumes. This has
now been implemented by thermogravitational accumulation
with subsequent freezing, cutting, and chromatographic or
mass spectrometric post-analysis, yielding all analytes’ concen-

Figure 3. Concentration distributions in heat flow compartments. (a) A central
heat source without convection leads to small concentration differences of 1–
2% for nucleobases at a temperature gradient of 10 K=170 mm. (b) The same
temperature gradient including heat flow-driven solvent convection leads to
two orders of magnitude higher concentration differences of nucleobases. (c)
Applying a flow to the system as (b) leads to more complex concentration
profiles and heat-flow dependencies.[40]
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tration profiles.[40] By comparing these profiles with the results
of finite element models, the relative thermophoresis of all
components contained in the mixture could be determined,
and predictions about the spatial separation in larger, prebioti-
cally relevant rock-crack network systems are in reach, as
discussed in later chapters. Thus, the massive amplification of
the spatial separation by thermogravitational columns makes
the otherwise weak thermophoresis an effect to be considered
in a prebiotic scenario.[51]

Thermogravitational Selection

Convection in thermogravitational columns not only boosts the
thermophoretic accumulation of the solute to be achieved but
also couples it strongly with geometry or additional drift fluxes.
For the geometry, this becomes clear for the non-equilibrium
steady state case, in which the concentration profile along the
height h ¼ r � a of the heat flow chamber is described by:[77,80]

c yð Þ ¼ c0 � exp
q

120

1þ q2

10080

ST � DT � r

 !

(1)

with q ¼ DTag10a
3=6hD and the thermal volume expansion

coefficient a, density 10, and viscosity h of the solvent and the
local gravitational acceleration g. Figure 1 shows the result of
Equation 1 in the case of DT ¼ 10 K , ST ¼ 10� 3 1=K , and
a ¼ 170 mm in water. In this case, the concentration c0 at the
upper end of the heat flow chamber was set as constant,
assuming a large reservoir or a rapid, replenishing fluid flow.
The absolute achievable concentrations at the lower side of the
chamber decrease accordingly in a closed chamber due to
solute conservation,[42,83] which clearly shows the necessity of an
open system for the prebiotic scenario. The pre-factor
k ¼ q=120ð Þ=ð1þ q2=10080Þ in Equation 1 has an optimum at
qopt ¼ 0:42, corresponding to an optimal width aopt of the heat
flow chamber for a certain solute with the diffusion D and a
fixed temperature difference DT [77,84,85] and thus to a selection
pressure to prebiotic compounds, which is not present in the
case of “pure” thermophoresis without convection. While the
final accumulation in the equilibrium case of Equation 1
increases exponentially with ST and the aspect ratio r, this
applies only approximately to the scaling with DT:

In the q-dependent limiting case of large temperature
differences, no additional accumulation is achieved due to the
significantly interfering faster convection. At the same time, at
very small DT , only a sub-exponential dependency is expected.
This somewhat unintuitive behavior is even more prominent in
experimental systems since the steady state from Equation 1 is
usually not reached during the experiment. Typical relaxation
times for the accumulation process were estimated in[77] to
F � a2r2= p2Dð Þ � 1=q2=7680ð Þ, usually increasing parabolically
with the size of the system and solute, and reaching orders of
magnitude of weeks or months, especially in larger thermogra-
vitational columns (r > 100) with polymeric solutes
(D < 100 � 10� 12m2=s).[42,86] In this case, the dependencies shown

in Equation 1 are not directly applicable but must be explicitly
determined numerically for more complex experimental sys-
tems by, e.g., finite element methods. This is particularly
evident in the open systems relevant to the prebiotic context,
as illustrated in Figure 3c (adapted[40]). Here, a heat flow
chamber is continuously filled by an inflow at the top of the
chamber and emptied at the opposite top and bottom at the
same flow rate, resulting in a non-exponential concentration
distribution even in the stationary case due to the perturbative
flow-through.[41] The above considerations illustrate that, de-
spite the simplicity of the boundary conditions, thermogravita-
tional accumulation exhibits an astonishing variety of selection
opportunities, especially for the smaller prebiotic reaction
products, whose Soret coefficients can differ by orders of
magnitude.[40] Thermogravitational accumulation was further
shown to be robust even against large temporal fluctuations of
the applied temperature gradient[40,43] or geometry
irregularities[80] and, as Equation 1 shows, has no threshold
values in ST , r or DT below which the effect breaks down,
making it a plausible non-equilibrium process on the early
Earth.

In the systems of interconnected rock cracks introduced
above, e.g., thermally stressed basalt glass, a natural implemen-
tation of a microfluidic network of heat flow chambers covering
a wide range of flow and boundary conditions would, thus,
form a complex prebiotic selection machine.[40,87,88] Recent
studies showed that this heat-flow-driven, selective accumu-
lation also couples to various chemical processes and thus
generates higher-order effects relevant to prebiotic chemistry.
For instance, due to the charge-dependent Soret coefficient,
proton donors and acceptors are differently accumulated in
buffers or acid-base reaction systems and depleted at the upper
end of the heat flow chamber, respectively. This imbalance
creates pH gradients of up to 9 units along the height of the
chamber.[41,80] While this would not be expected due to the high
diffusion rate of the hydronium ion[89] and thus rapid pH
equalization, local charge neutrality and the strong thermopho-
resis of the, e.g., buffer compounds stabilize the pH differences
even along these small millimeter scales. Since the pH in turn
strongly influences the charge or binding state as well as the
stability of prebiotic compounds such as RNA, it can be
assumed that heat-flow-driven pH gradients are able to directly
impact the course of prebiotic reactions. As simple salts also
undergo thermophoresis,[59] the local ionic strength is also
strongly influenced by the heat flow-driven accumulation effect,
which could alter the stability of fatty acid vesicles or enable
the correct folding of ribozymes. Due to the dependence of
thermophoresis on the ionic strength and pH-determined
charge state of the solute, these systems are highly coupled,
which makes modeling difficult, but also implies an extremely
rich selection system for the prebiotic scenario.
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Heat Flow-Driven Approaches to the Origin of
Life

Thermal non-equilibrium systems can, therefore, selectively
spatially arrange prebiotic substances and adjust their chemical
boundary conditions. While this is a long way behind the ability
of modern life to generate local reaction niches and optimal
conditions for self-preservation, it raises the question of how
thermal non-equilibria could facilitate particular key steps in
prebiotic chemistry and how they could contribute to driving
cyclic reaction networks as a critical property of living
processes.[8,90] In the following section, not only specific
problems of the RNA world, such as template inhibition, will be
considered, but also more general challenges on the way to the
first living systems, such as the concentration problem or the
driving of complex reaction pathways without the exploding
number of detrimental intermediates.[91]

Approaches to the Strand Inhibition Problem

One often considered model for emergent prebiotic systems is
the RNA world,[92–95] in which RNA acts as a catalyst as well as a
genetic information store, thus eliminating an otherwise
occurring chicken-and-egg problem between proteins and the
genetic memory that encodes and is copied by them.[96] The
RNA world concept has been extensively researched over the
last decades.[97–100] It includes as central milestones the synthesis
of RNA building blocks from prebiotically plausible compo-
nents, the de novo polymerization of oligonucleotides, and
their nonenzymatic replication, from which the first ribozymes
emerge through molecular evolution. Directed evolution has
already led to the discovery of a large number of such
ribozymes, such as the sunY,[101] R3 C,[102] or class I ligase.[103] The
latter served as the basis for the directed evolution of advanced
RNA-polymerases, which enabled base-by-base copying of ever
longer,[104] more complex,[99] and cross-chiral templates,[105] even
utilizing non-canonical nucleotides.[106] In this context, it is
assumed that the nonenzymatic copying of RNA polymers
required for the molecular evolution of the first ribozymes must
have already succeeded, albeit much more slowly, but still with
sufficiently high fidelity so that the resulting gene pools were
not lost due to the error catastrophe.[107] Nonenzymatic
replication of RNA was achieved in the lab by prior activation of
the nucleotides[108,109] in a base-by-base and in a ligation
replication scheme.[110,111] While highly evolved enzymes exhibit
error correction mechanisms and thus ensure high fidelity in
replication, it has been shown that a similar error correction
effect could be implemented in such prebiotic, nonenzymatic
copying processes by stalling upon incorporation of non-
matching nucleotides.[112,113]

Both enzymatic and nonenzymatic replication suffer from
the central problem of template inhibition (Figure 4a). As soon
as the product strand has been successfully extended, it must
be removed from the template to restart the process on both
strands. If this is not achieved, replication stalls or only parabolic

growth is possible,[114] which can prevent the selection of the
fittest species and thus represents a major obstacle to
molecular Darwinian evolution.[115] The inhibition of the tem-
plate can occur either due to the strong binding energy of the
formed product-template complex or, often the case in closed
systems, due to the high product concentration present in the
later course of replication, leading to a rapid reannealing of the
product even after its intermediate dissociation. The limiting
product concentrations depend on the speed of the replication
reaction and can therefore be in the nanomolar range for non-
enzymatic RNA-based schemes.[116] Ribozyme based systems
with high required Magnesium concentrations also suffer from
hydrolysis at elevated temperatures that are often applied
periodically to dissociate the product,[61,117] similar to polymer-
ase chain reactions.[118] Activated RNA nucleotides that feed
copying reactions are also often affected by hydrolysis, so they,
e.g., have to be removed and replenished by washing steps
after immobilization of the product strands to allow further
replication cycles.[119] An exchange of the no longer active
nucleotides by high, often millimolar concentrations of acti-
vated nucleotides with simultaneous retention of the products

Figure 4. Approaches to the strand inhibition problem: (a) Unless the product is
removed from the template, replication halts after the reverse complement is
created. (b) Product separation may occur through invading strands, fuel-
driven, catalytic rolling-circle replication, or by varying the product or salt
concentration through dry-wet cycles. High product affinities can be avoided by
e.g. a virtual circular genome model (VCG), in which only shorter, overlapping
partial elements of the entire genome have to be replicated. (c) Heat flows
allow the local cycling of pH, temperature as well as salt and substrate
concentration at CO2-gas interfaces or through the thermophoretic generation
of pH gradients.[80]
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could have been facilitated, for example, by fatty acid
protocells, which are permeable for the small feeding mole-
cules, but not for larger (RNA) polymers.[120]

In such systems, the high required reactant concentrations
for these reactions could have been generated by dry-wet
cycles[121,122] or by the formation of eutectic phases, in which the
phase transition of the water into the ice phase leaves strongly
concentrated salts and building blocks in the solution at a
reduced freezing point.[104,123] At the same time, the low temper-
atures prevailing here would primarily suppress the hydrolysis
of the RNA, while the millimolar magnesium concentrations
would enable efficient replication by ribozymes.[104,123] While
template inhibition still poses a problem in such systems
without further cycling of the environmental conditions, it
could be circumvented in de-novo synthesized, self-assembled
chemical replicators. Here, the replicator assemblies broke apart
independently after reaching a certain size, whereby each of
the fragments could serve as a new template for further
replication cycles.[4]

For RNA systems on the other side, strand displacement[124]

offers a way to remove blocking oligonucleotides by the
invasion of short RNA strands using a branch migration
mechanism, which allows further primer extension by activated
nucleotides (Figure 4b).[125] However, it has been argued that in
the case of linear templates, it is unlikely that a complete
copying process can be carried out using toehold-mediated
strand displacement, as the short invading primers themselves
are displaced too quickly by the old product in a reverse
process.[116] This problem would be avoided for circular
templates, as the extending product would displace itself after
one replication cycle. Here, the reverse displacement by the
dissociated part of the product would be circumvented by its
constant cleavage, e.g., by a self-cleaving ribozyme or
hydrolysis.[116] This approach was also addressed experimentally
in a ribozyme-catalyzed rolling-circle replication, in which
triphosphate trinucleotides were used as building blocks. It
resulted in longer products than the original template, demon-
strating successful strand displacement.[126] However, a chal-
lenge in this approach is the simultaneous need for circularizing
and cleavage ribozymes to complete the replication cycle and
exceed linear growth.

Primer-initialized RNA replication also adds the difficulty to
find matching primer sequences for each template from the
start, as these are considered sparse in the vast initial pools of
strands with random sequences. Since the templates must be
copied down to the last base to enable reverse primer binding,
being a notoriously unreliable step, a virtual genome model
was recently introduced to circumvent these problems.[127]

Instead of a single large template strand and the associated
strongly binding product strand, the prebiotic genome is
assumed to be fragmented, with the individual fragments
overlapping and thus representing a virtual circular genome.
Here, possible advantages are the simpler strand displacement
due to the shorter length of the particular strands and the
ability of each fragment to serve as a primer for a copying
process. Recent experimental tests show successful primer
extension in such a setting but point to the need for environ-

mental fluctuations of salt concentration, hydration state, pH,
and the feeding of building blocks to enable uniform product
dissociation and reattachment of the genome fragments for a
further replication step.[128]

Dry-wet cycling and fluctuation of substrate and salt
concentration could have been implemented on the surface of
early earth on a relatively large scale by tidal or daily cycles or
by surface wetting, e.g., rain or geysers[129,130] to facilitate de-
novo RNA polymerization.[83,122] However, the separation of
product and template necessary for successfully copying RNA
with simultaneous prevention of immediate reannealing is
challenging via pure concentration fluctuations since RNA’s
melting temperature for strands of approximately thirty base
pairs or more was considered practically impossible under
prebiotic conditions due to its melting temperatures exceeding
the boiling point of water.[131]

Studies that rely on temperature fluctuations for strand
separation only, therefore, require additional compounds in the
case of RNA to reduce its melting temperature,[132] use short
templates,[133] or switch to DNA templates and protein polymer-
ases as a proxy system[134,135] but are by definition applicable in
thermal non-equilibrium systems with its features discussed
above. The product of the replication reaction can thus be
protected from diffusive dilution by its thermophoretic
accumulation.[134] If such a system is open and fed with a
continuous inflow of fresh building blocks, only products with a
large Soret coefficient, such as long nucleotide polymers, can
remain in the system permanently and be replicated while short
products are flushed out. The latter system would be protected
from forming short parasitic strands, which could be replicated
faster but would lose important genetic information of the
original template,[135] often referred to as Spiegelman’s
monster.[136] The selection pressure is not limited to the
template size – any process that would penalize one strand or
sequence over the other would quickly lead to its extinction,
offering exciting possibilities to implement complex, Darwinian
evolving systems. However, such systems based on thermal
cycles alone can do little for enzyme-free copying due to the
mentioned high melting temperatures required for RNA and
the resulting greater hydrolysis, which can take up to weeks for
a copying process.[137]

Efficient detachment of the product from the template
occurs ideally in conjunction with a reduction in the local salt
concentration and a reduction in the pH value.[21,138] The latter,
in particular, was proposed to reduce the melting temperature
of, e.g., 13mer RNA from 66 °C at pH 7.1 to 13 °C at pH 3.6 and
thus even enable separation without additional temperature
oscillation.[139] While oscillations of the pH value can be
problematic in bulk systems, as the sequential addition of acids
and bases greatly increases the salt content of the solution,
non-equilibrium systems offer interesting possibilities here: As
discussed above, thermal non-equilibria not only generate
temperature oscillations but can also couple the chemical
boundary conditions of the reaction solution. For example, a
temperature difference at a CO2-gas-water interface forms a
chemically surprisingly heterogeneous system in a confined
space:[140,141] On the warm side, water is evaporated from a DNA-
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replicating solution and condenses on the cold side as droplets,
saturates with CO2 and thus acidifies. If this acidic drop of water
falls back into the reaction solution, it briefly creates a region
with low salt content and low pH, ideal for separating template-
product complexes (Figure 4c, left). Under such conditions, DNA
evolution to sequences with a melting temperature correspond-
ing to pH and salt conditions was demonstrated in a PCR
reaction[141] and a SunY-ribozyme-catalyzed ligation.[142] In the
latter RNA scenario, the hydrolysis problem described above
plays a significant role due to the slow ribozyme activity, but it
also competes with the reannealing of already formed
products.[116,131] Both challenges could be addressed in a liquid-
phase-only, thermophoretic accumulation system.

We were able to show that the heat-flow driven pH
gradients of up to 9 units over the entire chamber height not
only depend on the geometry and the applied temperature
difference,[80] but can be tuned and controlled over a wide pH
range by the composition of an acid-base reaction system.[41]

While characterization of heat-flow driven pH gradients for
other reaction systems is still to be done, an ideal condition for
RNA-based replication reactions could be created by imple-
menting low, hydrolysis-suppressing pH conditions (5) in the
lower part of the chamber and neutral-slightly-alkaline con-
ditions in the upper part of the chamber: At the bottom, the
reaction product would be protected from hydrolysis and
dilution and stored as a single strand due to the low pH. Since
the thermophoretic generation of the concentration profile is a
stochastic effect, the long RNA strands would by chance enter
an upward convection stream by local diffusion, in which they
can anneal with smaller and therefore less well localized primer
strands as the pH increases and finally ligate under optimal
reaction conditions before being stably stored again in the
lower chamber area. As the concentration of the long product
strands in the upper chamber area would be greatly reduced,
product reannealing to the template could thus be effectively
prevented (Figure 4c, right). The usual cycle times of such
vertical, convection-driven pH gradients (DpH � 1:5) for DNA or
RNA in, e.g., phosphate buffer systems, are, depending on their
length, in the range of approx. 20 minutes to a few hours for
chambers (8 mm height, 0.17 mm width) with an applied
temperature difference of 14 K. This leads to residence times in
the range of 5–10 minutes in the upper/low-pH chamber
environment, especially for longer polynucleotides (Fig-
ure 4c).[80] Similar cycle times would also apply to the formic-
acid-based, heat flow-driven pH gradients.[41] The applications
of this system could extend to the pH cycling of
protocells,[143,144] which would thus generate a constant pH
gradient across their membrane and could be used as a
protonmotive force. Thus, pH-heterogeneous systems gener-
ated in this way would support RNA-based systems, but also
make a general contribution to prebiotic reaction pathways
that require varying pH conditions.

Heat Flows as a Tool for Prebiotic Sequence Selection

Just as other non-equilibrium processes, heat flows can push
systems out of an initially symmetric equilibrium, therefore
breaking the symmetry of a variety of prebiotically relevant
parameters. The first obvious example of this is the concen-
tration profile itself, described by Equation 1 as the result of
compound-selective thermogravitational accumulation from
homogeneous initial conditions (Figure 5c right).[43] Symmetry
breaking in the sequence space of oligomer pools and chiral
symmetry breaking are further examples considered to be
essential in the prebiotic context (Figure 5a).

The former describes the transition from naïve sequence
pools in which each sequence occurs with equal probability to
weighted pools in which certain groups of sequences and
corresponding folds occur particularly frequently. Sequence
biases could be caused by the preferential copying of specific
sequences or filter mechanisms, e.g., by interaction with

Figure 5. Symmetry breaking as a prerequisite for the emergence of life. (a)
Examples of symmetry breaking from homogeneous, dilute and random
mixtures to homochiral, longer, functional polymers and enriched concentration
spots. (b) Interaction with mineral surfaces and radiation as well as reaction-
mediated enrichment can introduce biases in initially homogeneously
distributed pools of different sequences and compositions. (c) Self-enhancing
thermogravitational accumulation can lead to sol-gel phase transitions and the
formation of sequence-pure gels. Scalebars (white) correspond to 20 μm.[152] The
selective enrichment of divalent salts such as magnesium from the leaching
equilibrium with basalt enables the function of ribozymes.[43]
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minerals or other solutes that can withhold specific sequences
from random pools. If such a process favored particularly
compactly folding RNA strands, this could increase the proba-
bility of obtaining functional RNA or ribozymes in the resulting
pool.[145] For example, ribozyme polymerases with a length of
over 100 nucleotides could thus be found more quickly in
contrast to a brute-force search of the complete sequence
space with a size of 4100 � 1:6 � 1060 sequences, which is
practically impossible. The formation of long RNA polymers
thus inherently breaks the symmetry in sequence pools since
not all sequences can occur in them for combinatorial reasons
alone.

The latter, chiral symmetry breaking, describes the transition
from initially racemic mixtures, in which the enantiomers of a
species occur with equal probability, to mixtures with enantio-
meric excess, i. e., the dominant occurrence of one of the
enantiomers.[146–148] Since the biopolymers occurring in nature,
such as DNA, RNA, and polypeptides or proteins, are homo-
chiral, understanding their formation from racemic building-
block mixtures is central to answering the emergence of life
problem.

These symmetry-broken states discussed above are difficult
to achieve, unlike the self-establishing equilibrium states that
are usually symmetric in concentration or composition. A well-
known example of such a difficulty is called Spiegelman’s
monster, which describes the tendency of replicators to favor
simpler and shorter substrates, as these can be replicated
remarkably quickly.[136]

For example, long ribozyme polymerases have difficulty
replicating equally long RNA polymers, leading to a preference
for shorter RNA templates.[132,149] Combined with the known
chemical instability of RNA in water, where the probability of
strand breakage by hydrolysis increases exponentially with its
length,[117] this demonstrates the information-need paradox in
the origin of life that states the difficulty of replicating
information-rich and long polymers.[150] A solution has been
proposed in synthetic chemical replicators, in which more
complex molecules would be chemically more stable than
shorter ones.[4] Concerning RNA, this is partly already the case
as it fragments slower by hydrolysis in Watson-Crick base-paired
complexes,[117,151] favoring longer sequences with a higher G/C
base content.

However, this property does not solve the preference for
simple parasitic strands in replication processes. Therefore,
selective mechanisms that favor functional or more complex
replicates are necessary to avoid falling back to the simplest
possible system, which would otherwise inhibit molecular
evolution. It has already been shown that transient compart-
mentalization of ribozymes coupled with a selection of their
function can prevent parasitic strands from taking over.[153] In a
natural context, many possible selection mechanisms were
proposed. For example, length-dependent selection by adsorp-
tion on mineral surfaces was demonstrated[154] (Figure 5b),
which, however, imposes additional conditions on selectable
ribozymes by influencing the possible folding states of the RNA
bound.[155] It was also shown that the mutual binding ability of
such binding oligonucleotides leads to a selection of sequence

patterns through their complex formation and sedimentation
from a larger pool in an open system.[156] Furthermore,
potentially prebiotically plausible, simple peptides could self-
aggregate into amyloids and the resulting cross-beta structures
into functional units[157,158] if selected and concentrated from
dilute prebiotic ponds. Phase separation of RNA and simple
peptides into coacervates, which have been investigated as a
promising approach for prebiotic compartmentalization,[159,160]

also offers selective uptake of RNA with specific sequence
motifs,[161] suggesting exciting additional selection pressures for
RNA replication. Such liquid-liquid phase separating systems are
particularly interesting because ribozymes operating in them
change the physical properties of the coacervate droplets and,
thus, potentially also their aforementioned selective
properties.[162]

Further external selection pressures on a prebiotic earth
would be the interaction with incoming radiation, e.g., in the
UV range. Self-folding oligonucleotides would have lower
absorption of UV photons through the formation of Watson-
Crick base pairs and, thus, a potential selection advantage over
non-folding strands.[163] This would give longer replicated
template-product complexes an advantage over smaller repli-
cation complexes, which can separate more easily from UV-
prone single strands due to their lower melting temperature.
Since UV damage is specific to certain bases or base sequences,
this would additionally result in an implicit sequence selectivity,
the influence of which must be taken into account in surficial
models.[164,165] Non-destructive selection schemes of longer
oligomers would be particularly interesting for RNA-copy
models such as the Virtual Circular Genome, since in a pool of
short oligomers and building blocks, the resulting super-
imposed u-shaped length distribution would lead to a higher
copy rate, as recently shown.[128]

While some of the chemical and physical selection mecha-
nisms discussed above inherently favor specific sequence
patterns or strands with a biased base content, the various
polymerization and replication schemes themselves can also
introduce sequence and length biases into prebiotic pools. For
example, it was shown that RNA polymerization from Nucleo-
side 2’,3’-cyclic phosphates generates product pools with a G-
bias,[83] while also enzymatic RNA copying using ribozyme
polymerases is prone to show strong sequence preferences.[166]

Such biases could be prevented by using cross-chiral ribozymes
that avoid strong sequence-specific interaction between en-
zyme and substrate.[105] Ligation processes already mentioned
above can also implement a replication system for short
templates if the even shorter substrates are sufficiently
replenished by upstream polymerization reactions. Here it was
shown that sequence symmetry can be broken, and structured
sequences can emerge dominantly from a random sequence
pool.[167,168]

Interestingly, accumulation in thermogravitational columns
also enables symmetry breaking in the sequence space of
oligomers. Since these columns select molecules depending on
their charge and size, among other things, feedback cycles with
elongation reactions, such as the splint-like linkages of short
substrate strands by Watson-Crick base pairing, can emerge.
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Here, the size of the resulting complexes is governed by the
concentration of the substrate. Due to the efficient accumu-
lation of long strands in thermogravitational columns, the total
substrate concentration is also greatly increased, leading to
ever larger complexes and substrate concentrations.[42] The
length distribution of the complexes also depends on the
binding energy of the substrates to each other. While a singular
sequence modification in bulk only leads to a minimal change
in the length distribution, such differences are amplified by the
heat-flow-driven feedback cycle. For hydro-gel-forming DNA, it
could be shown that this effect even distinguishes single-point
mutations and can generate locally separate, sequence-pure
oligonucleotide gels (Figure 5c).[152] While mutually binding
strands would be selected in such processes, it was shown that
also individual bases and nucleotides exhibit significantly differ-
ent thermophoresis. T, C and U could thus be enriched up 32%
against G and A in a heat flow chamber implementing a
temperature gradient of 15 K over 170 μm width after 18 h.[40,48]

In combination with a polymerization reaction such as that of
the Nucleoside 2’,3’-cyclic phosphates mentioned above, the G-
bias of the polymerization could be compensated by a G-
depleting thermogravitational accumulation and thus generate
a more balanced sequence pool. In contrast, replication
reactions with a DNA proxy system triggered by heat flows at
CO2-gas-water surfaces were shown to generate not only very
long but also sequence-divergent product strands through
probably unspecific sequence interactions at the interface. The
drift towards A/T-rich sequences compensated for the increas-
ing length, thus maintaining a relatively low melting temper-
ature that ensures product separation and the successful
continuation of the replication reaction.[141]

In summary, this shows the importance of including length
and sequence selection by external mechanisms and the
possible sequence bias by the prebiotic chemistry itself.
Resulting product pools could, for example, be examined
regarding their ability to self-fold into functional structures,
which would significantly facilitate the autonomous selection of
the first ribozymes compared to a completely naïve sequence
pool.[145]

Non-Equilibrium Enrichment of Homochiral Compounds

Also, with regard to the above-mentioned symmetry breaking
towards homochiral polymers, as required for the formation of
functional folding structures and interactions of biopolymers,
major progress has recently been made in the investigation of
external non-equilibrium systems as previously reviewed.[169,170]

A well-known example is the asymmetric autocatalysis of small
molecules in the Soai reaction, in which an initial small
enantiomeric excess is boosted due to enantioselective catalysis
driven by a chemical non-equilibrium.[171] The synthesis of
homochiral ribo-amino-oxazoline, an RNA precursor, was further
achieved by the enantiopure crystallization that started from an
initial enantiomeric excess of only 1%.[172] Such enantiopure
crystallization has also been shown to interact with natural
magnetites through chiral-induced spin selectivity, leading to

their avalanche-like magnetization and, thus, to self-enhancing
feedback.[173,174] For the synthetic, self-assembled chemical
replicators mentioned above, it was further shown that these
can also self-assemble enantiopure from racemic mixtures. They
thus offer a unique model system that inherently overcomes a
number of important core problems for emergent life, even
though they are chemically unrelated to the canonical
biopolymers.[175] However, it has been hypothesized that
homochirality is an inherent property of larger molecules
containing more than 10 atoms of the same or higher mass
than carbon that are part of large nonequilibrium reaction
networks.[176]

Could thermal non-equilibrium systems also contribute to
the selection of homochiral biopolymers or their precursors?
Recent results on the thermogravitational accumulation of L-
and D- amino acids such as cysteine, threonine or serine, for
example, show no selective effect between the enantiomers,
which was to be expected in an achiral solvent such as water
and without high concentrations of other chiral species.[40]

Indirectly, however, heat flows could certainly play a role locally.
For example, RNA precursor crystals could be grown through
heat-flow driven dry-wet cycles driven at gas-water interfaces,
which indicates that this process can also be used for their
enantiopure enrichment.[177,178] Another indirect mechanism
driven by heat flow could take advantage of the fact that
otherwise chiral oligonucleotides can no longer successfully
form Watson-Crick base pairs with even just a few incorporated
L-nucleotides.[179] Together with the sequence-dependent hy-
drogelation of oligonucleotides described above, a small
number of contained L-nucleotides instead of small sequence
differences would now be sufficient to prevent thermogravita-
tional amplified hydrogelation. In a pool of G/C-rich and
interacting strands, homochiral strands could thus be reliably
filtered out and protected from diluting diffusion by heat
flows.[54,152]

Heat Flows to Set a Molecular Kitchen for Prebiotic Chemistry

While the heat flow approaches to template inhibition and
symmetry breaking were discussed above mainly regarding an
information-centered approach to the origin of life, i. e., the
RNA world, more general applicable features of thermal non-
equilibrium systems will now be addressed. A key “benchmark”
feature of prebiotic reaction pathways is their one-potability
under early-earth conditions,[180] i. e., their capability to obtain
high yields of the desired product in a single reaction compart-
ment without external intervention. Together with the prebiotic
availability of the starting materials from geological sources or
meteorites, this characterizes the plausibility of prebiotic
models.

However, approaches with only a few simple prebiotic
compounds that are considered plausible, such as the amino-
nitrile synthesis in the Miller Urey type electrical discharge
experiments[181] or the synthesis of sugars in the formose
reaction, often lead to a confusing variety of undesirable by-
products, prebiotic clutter,[91] or arbitrary complexation to tar-
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like molecules.[182] To address this challenge, an increasing range
of prebiotic biomolecule synthesis pathways have recently been
implemented in one-pot experiments, such as nonenzymatic
nucleobase synthesis,[183] DNA nucleoside synthesis,[184] or glyco-
side synthesis.[185] Furthermore, peptide synthesis with the aid
of RNA toward early translation was shown, which, however,
requires stepwise adjustments of pH and temperature.[98] To
prevent undesirable side reactions, these reactions must also be
initiated with as pure starting materials as possible, which are
probably difficult to obtain in prebiotic systems. Intermediate
laboratory steps, e.g., for the complex, synergistic synthesis of
RNA, protein, and lipid precursors[1] or of activated
nucleotides[186] were shown to be compatible with uninter-
rupted flow chemistry. Convergent flow models have also been
proposed for unified purine and pyrimidine ribonucleotide
synthesis, thus making the usual laboratory reaction steps
plausible in a prebiotic environment (Figure 6 a/b).[187]

In order to keep this combinatorial explosion of the
unwanted and low yields of the desired products in check, non-
equilibrium systems that trigger selective processes were
discussed, such as the discussed dry-wet cycles that enable

selective crystallization of intermediate products for synthesiz-
ing nucleosides from prebiotically plausible building blocks.[188]

It was shown that goethite mineral surfaces or membranes
could potentially enhance conditions for, e.g., the synthesis of
aspartate dimers.[189] Also, the carbohydrate synthesis[190] and
the oligomerization of pyrophosphates[191] were demonstrated
experimentally on montmorillonite, opening a way to guide the
prebiotic chemistry to produce the desired products in higher
yield. Said condensation reactions leading to ribo-oligonucleo-
tides and peptides are particularly challenging without con-
densing agents due to their release of water in an aqueous
medium, which describes the so-called “water problem”.[192] This
results in the paradox that although water is essential for the
development of life, it also hydrolyzes its basic building blocks,
especially RNA.[150] With the right timing, i. e., not too long
destructive wet times,[43] the above-mentioned dry-wet cycles
have been identified as a possible approach to this issue. For
example, the primer extension[83,122] or RNA polymerization[121]

discussed above regarding the template inhibition problem was
achieved using such cycles. Other examples include the dry-
wet-cycle-driven oligomerization of proteinogenic amino
acids[193,194] or the mutual stabilization of RNA and proto-
peptides.[195,196] Relaxing the requirements for the environmental
boundary conditions of dry-wet cycles, it was also shown that
the condensation to N-acetyl peptides by chemo-selective
aminonitrile coupling could take place with the help of
prebiotically plausible hydrogen sulfide thioacetate and ferri-
cyanide even without the intermediate removal of water.[192]

Remarkably, this reaction can proceed completely in one pot
without purifying intermediates, given a well-defined starting
mixture.

While the above examples show that important parts of
prebiotic synthesis are indeed possible under homogeneously
well-mixed, one-pot conditions, it is also apparent that the
overarching development from the first starting materials to a
Darwinian molecularly evolving system requires very different,
even periodically changing boundary conditions and an open
system in the respective stages. The possibility of symmetry
breaking of local concentration equilibria by heat flows through
connected cracks of rock offers interesting possibilities for
implementing various chemical initial conditions in a volumetri-
cally scaling system. While dry-wet cycles in individual heat flow
chambers on enclosed gas bubbles could implement many of
the effects driven by surface-bound dry-wet cycles,[177] this
setting offers additional benefits. For example, the cycle
periodicity in these thermal gradient systems depends signifi-
cantly on the strength of the applied heat flow and the
chamber geometry[140,141] and is thus decoupled from fixed tidal
or diurnal cycle times. Due to the large extent of such
geological fissure systems, a large number of different settings
could be explored in separately existing fissures simultaneously
and thus be home to prebiotic chemistry incorporating a wide
variety of reaction rates.

In liquid-only systems where gas-water interfaces and the
corresponding Marangoni-flows are not disturbing local con-
vection fluxes,[197] the enrichment of different prebiotic solutes
by selective thermogravitational up-concentration becomes

Figure 6. (a) Prebiotic synthesis often requires several intermediate steps in
which products are purified or in which new substrate must be added in a
defined manner. (b) Such reaction steps from the laboratory can be
implemented on early Earth by a favorable sequence of converging water
streams (mixing) or slightly drying water points (concentration). (c) In randomly
connected rock fissures through which a slow geothermal flow is driven, heat
flows could have spatially separated the solutes contained therein and mixed
them together again in a defined manner, thus implementing a prebiotic
macro-lab. The right panels show glycine (upper) and isoleucine (lower)
concentrations relative to their initial concentrations in a system of 20 x 40
randomly connected chambers (200x60x0.17 mm each), ranging between
cG;min ¼ 2 � 10� 4 and cG;max ¼ 490 ðcG ¼ 5:4Þ and
cI;min � 1 � 10� 12 and cI;max ¼ 1122 ðcI ¼ 7:8Þ, respectively.[40]
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predominant. Initially shown for sodium-rich basalt leachates,[43]

yielding optimal conditions for the function of ribozymes by
thermogravitational enrichment of magnesium, it has recently
been demonstrated that more complex mixtures of prebiotic
compounds can also be selectively enriched in such connected,
heat flow-driven crack-systems (Figure 6c).[40] Based on exper-
imental results from one or three interconnected chambers, it
was possible to show in a numerical model of 20 by 20
connected compartments that the concentration ratios be-
tween different amino acids can be shifted by up to 3 orders of
magnitude in different chambers. The amino acids isoleucine,
leucine, and valine were particularly concentrated, whereas the
concentration of glycine, asparagine, and serine was only
slightly increased. Interestingly, in such chamber networks,
both the thermophoretically strong species can be enriched
over the weak species and vice versa, while at reduced absolute
concentrations in the latter case. For example, glycine in the
rear parts of the network will mainly be found in the upper
chambers, as all species with strong thermophoresis have
already been shuffled to the lower chambers by their effective
accumulation. Enrichments of up to 2 orders of magnitude
were also found for nucleotides of different phosphorylation
states (regioisomers) and their nucleosides and bases or
mixtures of nucleotide precursors.

Due to the strong enrichment of scarce phosphorylation
reagents such as TMP, thermogravitational accumulation could
thus have triggered its reaction with spatially separated pre-
biotic building blocks, which has been successfully demon-
strated in a single heat flow chamber for a glycine dimerization
reaction.[40] Numerically, an increase in the reaction yield of
approx. 5 orders of magnitude up to several percent could be
shown for this reaction in a system of 20 x 20 randomly
connected chambers and an applied Temperature difference of
DT ¼ 10K , exemplifying the benefits for prebiotic chemistry.
Here, the reaction was driven by a local increase in TMP
concentration due to its comparably high Soret coefficient
(ST � 7:5 � 10� 31=K) from initially 1 μM to 10 mM within some
chambers of the network, whereby the concentration boost
would increase exponentially by further enlarging the overall
system.[40] As TMP concentrations must have been extremely
low due to the already small amounts of phosphorous
(~100 ppm[198]) on the early Earth, such a selection mechanism
would effectively utilize local TMP sources, e.g., in the vicinity
of volcanoes.[199]

Such network systems could also provide a huge number of
different reaction conditions simultaneously due to their
volumetric scaling, which significantly increases the probability
of finding the optimal initial composition for a specific prebiotic
reaction. Constituting an open system, the network requires a
constant flow of heat as well as a continuous feeding flow from
outside. Without the former, there would be no local concen-
tration differences, and all chambers would have identical
compound compositions, whereas, without the latter, all
chambers would only be diffusively coupled to each other and
would exhibit very similar concentration profiles as in a single
isolated chamber. Due to the constant slow geothermal flow, a
continuous mixing process is thus simultaneously enabled in

each chamber by flows from previous chambers converging
there. Remarkably, it could also be shown that the enrichment
process works even with small temperature differences and can
still take place effectively in natural systems due to the
amplifying effect of their large size.

If evolving processes could thus develop slowly in individual
chambers, the upstream synthesis of the required building
blocks would ensure a sufficient and stable supply. The
thermophoretic enrichment in connected, thin compartments
could not only be an advantageous effect for prebiotic
chemistry proposed in hydrothermal systems,[200,201] e.g., by
enriching its products, but could also supply surfaces near
ponds with starting materials that can react further there with
the help of UV light.[10,202]

Outlook

Much of the potential of geologically plausible networks of heat
flow chambers is yet to be explored. One interesting application
for such enrichment systems is its ability to select phosphorous-
rich species in aqueous media. While said TMP-driven reactions
profit considerably from thermogravitational enrichment, also
mono-phosphorylated species show a relatively strong thermo-
phoresis compared to their non-phosphorylated counterparts.[40]

This could help with the solution of the so-called phosphate
problem:[62,203] Phosphorous was presumably only available in
small quantities on the early Earth and was not locally
concentrated and maintained by modern life as it is today.[62]

The phosphate present was probably mainly chelated with Ca2+

in the form of apatite, which is only effectively soluble in acidic
conditions up to around pH 3 and is therefore inaccessible to
the prebiotic chemistry often found in neutral or alkaline
conditions. However, since the phosphate group is a central
component for the function of (ribo� )oligonucleotides, phos-
pholipids, and also protometabolic components,[204] the ques-
tion arises as to how the small amount of phosphate present or
bound could be utilized for phosphate-related prebiotic
chemistry that often requires high millimolar concentrations of
dissolved orthophosphate.[205,206]

Due to its importance, several approaches to the phosphate
problem have been studied in detail. One possibility for
prebiotic chemistry is the use of reduced phosphorous in the
form of phosphites, which occurs in schreibersite supplied by
iron meteorites.[207] In contrast to apatite, schreibersite is easily
soluble in water and could therefore induce nucleoside
phosphorylation at pH 9[208] or the production of
amidophosphates[209] and trimetaphosphates.[63] Nucleoside
phosphorylation was also demonstrated directly on apatite by
using ammonium oxalate as a chelating agent for calcium, thus
increasing the solubility of orthophosphates.[210] Carbonate lakes
were identified as a very promising system in which up to molal
concentrations of free phosphate can be found as calcium
carbonate precipitates, preventing the formation of apatite.[211]

Heat flows through thin cracks could drive an interesting, purely
physical process here by separating calcium and phosphate
ions through thermophoresis. The Seebeck effect from heat-
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flow-driven charge separation has already been investigated
experimentally for various ion pairs[44] and would lead here to a
corresponding pH gradient, maintaining local charge
neutrality.[41,80] The phosphate solubilized in this way could also
be used for prebiotic reactions at neutral or alkaline pH. In the
crack network system discussed above, phosphorylation reac-
tions could therefore be triggered with the released phosphate,
e.g., at gas-water interfaces, or generate different pH conditions
as drivers of local pH gradients due to the different phosphate
enrichments in each chamber.

This prospect is just one possible experimental model
system that is waiting to be carried out. Only when it is shown
how more complex prebiotic reaction pathways and networks
can be driven with the help of such heat flow chamber systems
can the potential for prebiotic chemistry be clearly assessed.
Could different reaction pathways be implemented simultane-
ously in the different chambers due to the heat flow-driven
differences in initial reactant compositions? Can RNA oligomers
also be formed from non-activated nucleotides in such settings,
e.g., with the help of TMP, and what sequence space would
they occupy? Finally, it becomes clear that the enrichment from
complex mixtures ultimately depends on how different the
respective thermophoretic properties of the solutes are.
Thermogravitational accumulation is also a slow effect whose
coupling to prebiotic reactions also depends on their reaction
rates.[41,42] Further investigation is required here for the case of
mixed timescales, i. e., for slow reactions, which take place at a
similar speed to thermophoresis-driven enrichment. Heat-flow-
driven systems of interconnected chambers thus represent a
promising model system for geological systems on the early
Earth, the experimental exploration of which is only just
beginning. Intensive interdisciplinary collaborations, more com-
pact and mobile experimental setups that can accommodate
more extensive chamber systems are the next step to exploring
its full potential for prebiotic chemistry. Last but not least, the
combination of heat flow-driven selection mechanisms with
other selective physical processes, such as the interaction with
the surrounding geomaterial, will be of high interest, leading to
a more complete understanding of the complex non-equili-
brium effects that might have played a crucial role in the origins
of life.
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