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SUMMARY

The origin(s) of life (OoL), which has puzzled scientists for centuries, remains a major scientific challenge in 
the 21st century. Research on OoL spans many disciplines, including chemistry, physics, biology, planetary 
sciences, computer science, and mathematics. The sheer number of different scientific perspectives relevant 
to the problem has resulted in the coexistence of diverse tools, techniques, data, and software in OoL 
studies. This has made communication between the disciplines relevant to the OoL extremely difficult 
because the interpretation of data, analyses, or standards of evidence varies dramatically. Here, we hope 
to bridge this wide field of study by providing common ground via the consolidation of techniques rather 
than positing a unifying view on how life emerges. In part 1 of this review, we cover common experimental 
techniques that have been used significantly in OoL studies in recent years, while in part 2, we review theo-

retical, computational, and integrative methods. Here, we discuss the use of spectroscopy, spectrometry, 
chromatography, microscopy, and sequencing methods for characterizing diverse materials. We further 
discuss the role of data repositories in facilitating the analysis and dissemination of experimental data. 
This review provides a baseline expectation and understanding of the analytical aspects of origins’ research. 
Ultimately, we aim to provide an educational tool that can facilitate more post-disciplinary collaborations in 
OoL research by helping scientists understand what they can do about the problem of life’s origins, rather 
than telling them how to think about it.

INTRODUCTION

The question of how life began on Earth is one of the oldest posed 

by humankind. For millennia, the seemingly ethereal nature of 

living beings was attributed to supernatural forces that imbued

inanimate matter with unearthly properties, making it living. 

Much of these concepts survived from the rise of the Sumerians 

around 4,000 BCE until the mid-19th century when Pasteur pub-

lished his famous spontaneous generation experiment. 1 Louis 

Pasteur showed that life as a phenomenon is not a result of
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ethereal interactions between inanimate matter—after brewing a 

nutrient-rich broth and bringing it to a boil in an ‘‘S’’ shaped flask 

(a process now called pasteurization), he showed that life can 

only start from other life. 1 The implication of his experiment is 

that the trait of being alive is hereditary and not self-generated. 

Pasteur’s observations resulted in a new dilemma: if life is a mat-

ter of inheritance, then how can it have a beginning? These results 

demanded a different explanation for a problem that had been 

rooted in dogma. About the same time, in 1859, Charles Robert 

Darwin published the first edition of his book ‘‘On the Origin of 

Species,’’ shedding some light on the consequences of inherited 

traits and setting the stage for evolutionary biology. 2 Darwin iden-

tified a mechanism for speciation and evolution through natural 

selection, but he avoided a serious explanation for life’s origins. 3 

In many ways, these two masterpieces of scientific inquiry paved 

the way to the scientific approach to life’s origins used today. 

Contemporary research into the origin of life (OoL) generally 

consists of various attempts to show how a process that was 

impossible in Pasteur’s sterilized flask is possible on sterile plan-

etary bodies. Individual researchers come to study OoL from a

variety of different disciplinary backgrounds. Communication 

within the community is often hindered by the diversity of fields 

represented, each of which brings its own technical and method-

ological approaches. 4 A common challenge encountered by OoL 

researchers is the lack of knowledge about what techniques, 

methods, and data are available and/or typically used in other 

OoL-related disciplines. This is because OoL research has never 

constituted a discipline in its own right and borrows technical ad-

vances and insights from a variety of specialist fields. In a previ-

ous paper authored by some in our community, we articulated 

conceptual heterogeneity in OoL research. 5 Here, we articulate 

the methodological heterogeneity in the field—via experiments, 

models, and simulations–to help realize the goal of cross-polli-

nating knowledge among specialist fields within the community. 

Cooperation and critical discourse between OoL researchers 

from different disciplines does not necessarily require that all re-

searchers have an in-depth understanding of all related disci-

plines. However, each researcher should know at least the ba-

sics of different disciplines. Therefore, this article reviews the 

basic methodology used by different scientists working on the
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problem of life’s origin. Topics are split into three broad cate-

gories: (1) experimental techniques, including analysis of small 

molecules, materials, and biopolymers; (2) database and data-

driven computational resources; and (3) theoretical and 

modeling tools from quantum chemistry and thermodynamics 

to network methods and phylogenetics. Finally, we discuss 

emerging trends that integrate different components from the 

other sections. Each of these topics is incredibly diverse in its 

own right and might never be discussed together in another 

context. We embraced this heterogeneity to highlight the diver-

sity of work required to understand the OoL and to illustrate 

how these can mutually inform each other. As portrayed in 

Figure 1, the goal of this review is to present the methodologies 

and techniques commonly used in OoL, rather than to be an in-- 

depth review of any idea in particular or a synthesis of the current 

questions or research paradigms in the field, which at this stage 

can only be a fractured view of distant ideas. 6 In part 2, 7 we will 

focus on the theoretical approaches and modeling frameworks, 

covering molecular modeling and simulations, chemical thermo-

dynamics, kinetics, network, protocells, information-theoretic 

approaches, and molecular phylogenetics. Herein, we focus on 

experimental techniques.

For each technique, we present basic introductory details and 

highlight a few examples relevant to OoL research. We anticipate 

many readers will find content in their area of expertise 

simplistic—this is the goal, to communicate the basics with inter-

ested scientists so they can expand their operational knowledge
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Figure 1. Techniques covered in these re-

views and their most important relation-

ships

Experimental techniques are shown in light blue. 

Topics covered in part 2 7 are shown in gray cir-

cles. Gray lines connect related techniques within 

a given category, pink lines connect experimental 

and theoretical work, and green lines connect 

techniques to databases.

within the field and critically evaluate 

work within it. We aimed to write at a level 

accessible enough for scientists from 

different methodological backgrounds to 

understand and begin to formulate their 

own questions about the techniques 

covered. Sufficient citations are provided 

to guide the reader toward more depth 

wherever their interest may lie. We hope 

that this work serves as a catalyst for 

future post-disciplinary collaborations in 

OoL research.

EXPERIMENTAL TECHNIQUES 

FOR STUDYING THE ORIGIN(S) OF 

LIFE

Imagine, for an instant, that you’re a new 

graduate student with ambitious goals of 

understanding the origin(s) of life (OoL). 

On your first day in a new lab, your advisor hands you a sealed 

test tube containing a mysterious substance. It appears to be a 

mixture of liquids and solids. You’re told the container is air-tight 

and that the contents are not toxic or otherwise harmful. You’re 

not told if the substance was produced in the lab, represents an 

ancient terrestrial sample, or if it’s even from this planet. The 

principle investigator of your lab poses a series of questions: 

‘‘What do you think this sample is?’’ ‘‘What is it made of?’’ 

‘‘Where do you think it came from?’’ ‘‘Does it have any life-like 

properties?’’ ‘‘Was it ever—or could it ever be—alive?’’ You 

have access to a variety of instruments in the lab. What do you 

do next? How do you learn about this material?

As your investigation into the mysterious sample progresses, 

the diversity of questions and hypotheses that arise will require 

the use of specific analytical techniques tailored to your needs. 

For instance, if you’re looking to understand the exact molecular 

structures of a subset of compounds within the sample, you 

might adopt spectroscopic and spectrometric methods, 

focusing on precise chemical and molecular targets. Should 

the sample suggest an environmental origin (as opposed to syn-

thetic), techniques that characterize bulk elemental ratios or the 

diversity of compounds in complex media would be instru-

mental. If your analysis hints at biological signatures, perhaps 

in the form of peptides or RNA strands, technologies to 

sequence large molecules would become crucial. Each tech-

nique not only answers a specific set of questions derived from 

your initial hypotheses but also builds upon the findings from
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other disciplines, enriching your understanding of the sample’s 

potential origins and its implications in the study of life’s begin-

nings. In this section, we review the basics of analytical tech-

niques most commonly used in OoL research, including the 

physicochemical principles they employ and their strengths or 

limitations (Figure 2).

Spectroscopy

Spectroscopy deals with the interaction of matter with radiation as 

a means to characterize materials. 8 The type of radiation source, 

as well as the way materials transfer the energy (absorption, emis-

sion, scattering, photo- or chemi-luminescence, etc.), will deter-

mine the spectroscopic technique. A summary of different tech-

niques is provided in Table 1. As a non-destructive technique, 8 

spectroscopy is advantageous in the study of rare samples. In 

principle, a single sample could be analyzed by different spectro-

scopic techniques, permitting the identification and quantification 

of individual molecules in liquid, solid, or gaseous samples with lit-

tle sample preparation required. High coverage of the electromag-

netic field translates to precise identification of molecules. 

Because of its versatility, spectroscopy has been one of the 

most important tools for molecular identification in chemistry for 

decades. 8–10 Some techniques, such as ultraviolet-visible (UV-

vis), fluorescence, and infrared spectroscopies and circular di-

chroism (CD), are inexpensive and taught in entry-level laboratory 

courses, which makes them some of the most accessible labora-

tory techniques for researchers just starting out.

While spectroscopy techniques are versatile, different tech-

niques are specific to different features of compounds and ma-

terials. The resolution and sensitivity will depend on the sample 

preparation. Properties of the sample itself, such as the matrix, 

will influence the resolution and sensitivity of the method. In 

this context, matrix refers to the medium or environment in which 

a sample is embedded. Compared to other techniques, spectro-

scopic techniques have relatively low sensitivity, and hence 

detection and quantification can be a limitation. Accordingly, 

many methods require a strong signal/high concentration of ele-

ments/molecules. In many cases, we cannot resolve all spectra, 

and quantum chemical calculations (part 2 Molecular modeling 

and simulations: Quantum chemistry) are required to support 

empirical measurements and interpretation. 7,11

In an OoL context, vis, UV, infrared (IR), Raman, and nuclear 

magnetic resonance (NMR) are commonly used spectroscopic 

tools. Spectroscopic analysis is often used for preliminary anal-

ysis of the bulk composition of a sample due to its non-destruc-

tive nature.

UV-vis and fluorescence spectroscopies

UV-vis light spectroscopy is a simple and inexpensive analytical 

procedure that is widely exploited in the fields of analytical chem-

istry and biotechnology. It is often one of the first techniques stu-

dents learn when studying chemistry. The technique relies on the 

absorbance of light in the UV-vis light range (∼100–750 nm), 

where most molecules and ions absorb with different relative
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Figure 2. Simplified roadmap of the OoL analytical techniques targeting different compositions separated into two major categories

Spectroscopy and spectrometry described individually in ‘‘experimental techniques for studying the origin of life.’’

Generally, spectroscopy methods require higher amounts of sample but are non-destructive, while spectrometric methods can find analytes in very small 

concentrations, but the sample is often consumed during analysis.
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intensities. 12 The absorbance spectrum of species can serve as a 

diagnostic test for their presence in solutions and can be used to 

relate the quantity of absorbance to the concentration when the 

absorbance coefficient is known. 13 Fluorescence spectroscopy 

is a related technique that monitors the emittance of light at a 

separate wavelength following absorbance. Fluorescence spec-

troscopy is more sensitive than UV-vis. Both techniques are typi-

cally employed in aqueous solutions, but gas-phase techniques 

also exist. 14 These techniques are often coupled to chromato-

graphic techniques such as high-performance liquid chromatog-

raphy (HPLC) (see Chromatography and hyphenated techniques: 

Liquid chromatography) to detect individual compounds in com-

plex mixtures. 12

Many analytical assays utilize the formation of a UV-absorbent 

or fluorescent molecule as a means of quantitative determina-

tion. When used for the identification of molecules, especially 

those with aromatic groups (e.g., nucleotides), it can be quite 

sensitive, enabling identification at micromolar concentrations. 

Thanks to the absorbance properties of common cofactors 

(e.g., NAD or ferredoxin), this technique can often be employed 

in enzymatic assays, and these concepts can also be transferred 

to enzyme-free reactions. 15 Due to its simplicity and straightfor-

ward sample preparation, UV-vis and fluorescence measure-

ments are a good choice for ‘‘on-line’’ measurements in auto-

mated chemical systems (see part 2 Automation of laboratory 

experiments 7 ).

UV-vis has been used in OoL to study the universality of ATP 

as energy currency, 16 to monitor the time-varying abundance 

of different peptide oligomers 17 and to detect chiral enantio-

mers. 18 Derivatization procedures are often necessary to couple 

strong UV absorbent or fluorescent groups to weakly absorbing

molecules, which help to improve their detection (e.g., sugars 19 

and amino acids 20 ). UV-vis can be used to monitor the formation 

of inorganic iron sulfur clusters 21–23 and small molecule interac-

tions in solution. 24 The analysis in Jordan et al. 21 is an example of 

how complementary analytical techniques enable more robust 

analysis, and critical review of experimental procedures, as an 

initial (and quick) analysis of using UV-vis revealed the existence 

of iron sulfur clusters, but follow-up analysis using NMR showed 

differences from this initial analysis, which implicated anaerobic 

degradation of the products.

IR spectroscopy

IR spectroscopy relies on energy absorbances that range from 

900 nm to 1 mm. 25 Different wavelengths across this range stim-

ulate different responses in molecules, and these different re-

sponses are suitable for different applications and searches. 

For instance, energy absorbances in the 30–1,000 μm (far-IR) 

range cause changes in the rotation of gas molecules. Mean-

while, absorbances in the 0.75–1.4 μm (near-IR) range can simul-

taneously excite electrons and induce harmonic vibrations in 

bonds. These interactions produce spectra with distinct proper-

ties according to the elements and molecular species 

analyzed. 25 For example, identification of organic compounds 

can often be accomplished by mid-IR (1.4–30 μm). 25 IR spectra 

can be simulated using quantum chemical calculations (see part 

2 Molecular modeling and simulations: Quantum chemistry 7 ), 

and this can often be useful when interpreting spectra or refining 

methods. 11 The sensitivity of IR measurements will depend 

significantly on the instrument details: less expensive instru-

ments are available, but they are often unsuitable for dilute sam-

ples that are common in OoL research. Identifying individual

Table 1. Spectroscopic techniques used for OoL studies, with their advantages and disadvantages from a technical, sample, and 

physical-chemical interference points of view

Method Pros Cons Common Targets

Ultraviolet-visible (UV-vis) simple, inexpensive, fast acquisition low sensitivity, matrix dependent ions, organic, and inorganic 

molecules

Infrared (IR) by reflectance simple, inexpensive, bulk analysis, 

fast acquisition

low sensitivity, matrix and mineral 

interferences

molecular bonds/dipole moment 

changes: primarily rotations, 

electrons, harmonic intramolecular 

vibrations, ionic bonds
Infrared by transmittance mapping, bulk or μm-scale analysis, 

fast acquisition

matrix dependent, low resolution, 

low sensitivity at low wavelength

Raman spectroscopy (RS) mapping, coupled to microscopy 

(μm)

very low sensitivity for organic 

matter, fluorescence interferences

minerals, molecular polarization 

changes

Fluorescence/diode array high sensitivity, high specificity, 

single or multi-wavelength analysis

standards required for product 

identification

organic and inorganic samples, pure 

and mixtures

Circular dichroism (CD) high sensitivity only works for polarized molecules, 

no residue fragment information

proteins, DNA

X-ray absorption high resolution (nm-scale), element 

specific

inorganic only, no minerals, low 

sensitivity

atoms, ionic bonds, inorganic 

molecules, and molecular 

complexes

X-ray emission high sensitivity/resolution,

compound-specific, library to 

compare

no organic, low sensitivity, not 

quantitative

atoms, ionic bonds, inorganic 

molecules, and molecular 

complexes, minerals

Nuclear magnetic 

resonance (NMR)

high resolution, high versatility high sample concentration required organic and inorganic molecules, 

pure samples and mixtures, intra-

and inter-molecular bonds, non-

zero nuclear spin atoms/isotopes
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compounds will depend on the standards available, the 

complexity of the sample/mixture involved, and the amount of 

sample used in the analysis. 25

IR observations can help characterize the geological materials 

and determine the presence of certain minerals (e.g., olivine) 26 or 

biogeological formations (e.g., within stromatolites). 27 It is 

possible to couple an IR source and detector with atomic force 

microscopy (AFM, see microscopy techniques), which enables 

the measurement of the IR spectrum of very small, specific areas 

in a rock sample. IR can characterize organic molecules in chem-

ical standards, biological cultures, and environmental samples. 28 

For example, it has been used on spaceflight analyses of primitive 

bodies (e.g., comets and asteroids) to identify small molecules 

(e.g., water and polyoxymethylene). 29 IR-only observations pro-

vide information on the functional groups rather than full molecu-

lar identification and are usually validated by other analytical 

techniques such as mass spectrometry. IR can be used to quan-

tify kinetic rates or characterize the transformation mechanisms 

by the identification of products and intermediate compounds. 30 

In OoL research, scientists have used IR coupled with X-ray sur-

face analyses to study environmental samples (from 3.7 to 4.2 

billion years ago) to identify possible molecules sheltered in those 

materials. 31 In a different study, IR analysis was used in combina-

tion with molecular modeling to analyze the activity of the amino 

acid alanine and demonstrate how the presence or absence of 

water molecules could change the ionic character of the amino 

acid, which is important for understanding its reactivity in abiotic 

conditions and its formation and preservation in space. 32

RS

Raman spectroscopy (RS) analyses vibrational and rotational ef-

fects for materials in all phases (with molecular polarization 

changes in contrast to IR that detects dipole moment changes. 33 

RS can be used to identify minerals in a matrix and some organic 

functional groups. It is more sensitive than IR or UV spectros-

copy for elements that are fluorescent after a UV/IR/vis excita-

tion, such as silicates and organics. RS can probe the chemical 

composition in different material surfaces, especially for inor-

ganic matter, compared to IR spectroscopy. Hence, IR spec-

troscopy enables the characterization of organic compounds, 

while RS analyses primarily inorganic (minerals or salts) material. 

Both IR and RS can characterize organic-inorganic interactions 

either on the bulk sample or locally by mapping of the sample 

at the microscale (using microscopy combined with spectros-

copy). One of the advantages of RS is that it can analyze a 

wide range of materials because it uses a broad wavelength 

range for excitation (from deep-UV, UV, and UV-vis to near-IR). 

Finally, for biological samples in OoL research, UV-vis and 

near-IR beamlines help take high-spatial-resolution pictures; 

however, the intense light source might destroy the biological 

material after analysis, 33 compared to RS.

In OoL, RS is used as a complementary technique to X-ray 

diffraction (XRD), Fourier transform infrared (FTIR), and surface 

microscopy. It has found applications in studying the role of 

amino acids and simulated prebiotic reaction mixtures in the for-

mation of goethite, 34 the interaction of nucleobases with artificial 

seawater, 35 and the adsorption of amino acids on zeolites. 36 RS 

is usually not used exclusively but in conjunction with other tech-

niques to establish the surface reaction of organics within a pre-

biotic context. RS is useful in the analysis of sediments; geobio-

logical, organo-metallic, and organo-mineral complexes; as well 

as biofilms of extremophiles.

CD spectroscopy

CD is a type of spectroscopy that leverages the fact that mate-

rials can differentially absorb light of different polarizations. 37 

CD can be used to determine molecular chirality, nucleic acid 

conformations, nucleic acid-ligand interactions, proteins’ sec-

ondary and tertiary structure, as well as thermal stability, among 

others. 37,38 OoL studies have used this technique to differentiate 

chiral enantiomers, 39 to understand the unique self-assembly 

behavior of guanosine monophosphate nucleotides, 40 to eval-

uate the secondary structures of peptides and their significance 

in early Earth peptide chemistry, 41 and to investigate the role of 

transition metals in prebiotic oligomerization of depsipeptides 42 

and the critical role of pH in non-thermal RNA strand separation 

and hybridization in the context of early Earth conditions. 43 More 

recently, gas phase CD has been applied to explain the plausible 

role of gaseous phase amino acids and their photo reactivity in 

the selection of L-amino acids in contemporary life forms. 44

NMR spectroscopy

NMR spectroscopy detects changes in the local magnetic field 

of the atomic nuclei 45 when exposed to an external magnetic 

field. It relies on elements with an odd number of protons or neu-

trons, such as 1 H, 13 C, 15 N, or 31 P. The position and intensity of 

peaks in an NMR spectrum depend on the resonance frequency 

of the nucleus, its surrounding environment, and the strength of 

the applied magnetic field. NMR is an essential tool for structural 

characterization, providing direct information about atomic 

nuclei and correlations between them. It can be used both 

qualitatively and quantitatively. 46 However, compared to other 

techniques like mass spectrometry, NMR has relatively low 

sensitivity and typically requires millimolar concentrations 

(∼1–10 mM), which is a major limitation. Additionally, achieving 

peak resolution can be challenging when analyzing complex re-

action mixtures, often necessitating complementary techniques. 

NMR samples are prepared in dedicated tubes (often reusable), 

with the sample commonly dissolved in deuterated solvents. 

More specialized applications are gas-phase NMR 47 and solid-

state NMR (ssNMR), where the latter is applied to solid samples, 

such as single crystals, amorphous solids, and solid-state 

biomolecules. 48

NMR instruments are costly and typically require dedicated 

personnel for maintenance. Bench-top instruments that operate 

at lower frequencies are available but suffer from reduced sensi-

tivity and spectral resolution, particularly for low-concentration 

samples. As a result, they are best suited for quick analysis of 

high-concentration samples. However, when peak assignment 

becomes challenging—such as with novel molecules, resolution 

issues, or large biomolecules—two-dimensional (2D) NMR tech-

niques become indispensable.

The simplest and most commonly used technique is 1 H NMR 

spectroscopy. Recording a 1 H spectrum with standard 16 scans 

typically takes less than 2 min. The second most frequently used 

1D NMR method is 13 C NMR, which generally requires 45 to
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60 min per spectrum. Reaction kinetics and folding-unfolding 

studies of biomolecules can also be performed by acquiring a 

series of 1D NMR spectra at different time points, tracking nuclei 

such as 1 H, 13 C, or 31 P using a variable temperature unit. In addi-

tion to the standard 1D 13 C NMR, other auxiliary 1D NMR tech-

niques, such as distortionless enhancement by polarization 

transfer (DEPT) and attached proton test (APT), provide addi-

tional structural insights.

2D NMR is an extension of 1D NMR, plotted on a 2D plane. 

Typically, both the horizontal and vertical axes display chemical 

shift values, showing correlations that are either homonuclear 

(such as 1 H– 1 H) or heteronuclear (such as 1 H-13 C or 1 H-15 N). 

This allows the identification of correlations (interactions) be-

tween two nuclei, which may be attached covalently or interact 

through space via interactions known as the Overhauser effect. 

Several types of 2D NMR experiments exist, most of which 

have distinct acronyms such as correlation spectroscopy 

(COSY), exclusive correlation spectroscopy (ECOSY), total cor-

relation spectroscopy (TOCSY), incredible natural-abundance 

double-quantum transfer experiment (INADEQUATE), heteronu-

clear single-quantum correlation spectroscopy (HSQC), hetero-

nuclear multiple-bond correlation spectroscopy (HMBC), 

rotating-frame nuclear Overhauser effect spectroscopy 

(ROESY), nuclear Overhauser effect spectroscopy (NOESY), 

and several others. Additionally, each of these major 2D experi-

ments has subtypes.

These techniques are invaluable for studying peptide folding 

and other biomolecular structures, often used alongside CD, 

XRD, and MD simulation models. Further elaboration on 2D 

NMR is beyond the scope of this manuscript, as more task-spe-

cific resources are available in the literature. For practical appli-

cation, we provide a relevant case study (see A case study), 

demonstrating the combined use of 1D and 2D NMR with other 

analytical techniques to elucidate molecular structures. 

Another type of 2D NMR experiment, distinct from those pre-

viously discussed, is diffusion-ordered spectroscopy (DOSY). 

This technique is used to determine the diffusion coefficients 

of molecules in a magnetic field. It is particularly useful for sepa-

rating signals from different molecules or molecular aggregates 

within a mixture. Also known as pulsed-field gradient spectros-

copy, DOSY can be performed at either low-resolution (suitable 

for simple mixtures with large differences in molecular sizes) 

or high-resolution (for species with very similar diffusion con-

stants). For further reading on DOSY, we recommend consulting 

the relevant literature 49 and specific examples from OoL 

studies. 50,51 More complex techniques, such as three-dimen-

sional (3D) and 4D NMR, exist and are typically used for protein 

structure determination and studying various folding phenom-

ena in biological samples. These advanced experiments extend 

the capabilities of 2D NMR by allowing the detection of multiple 

nuclei correlations (e.g., 1 H, 13 C, and 15 N) within a sample.

In the study of OoL, NMR spectroscopy can analyze molecules 

containing the key biological elements CHNOPS (carbon, 

hydrogen, nitrogen, oxygen, phosphorus, and sulfur) using specific 

nuclei like 13 C, 1 H, 15 N, 17 O, 31 P, and 33 S. Among these, 13 C, 1 H, 

and 31 P are most frequently studied. Molecules associated with 
29 Si are also examined within the OoL context, though less 

frequently. We hope to have conveyed the significant role that

NMR plays not only in chemistry and physics but also in OoL 

research. We aim for this section to motivate new researchers to 

familiarize themselves with and utilize this powerful technique to 

address some of the most challenging questions in the field of OoL.

XRD

XRD is a highly specialized technique used to obtain atomic-level 

structural information from crystalline materials. It uses X-rays, 

which are short-wavelength electromagnetic waves that can 

interact with the interatomic spaces in crystals, as these spaces 

are comparable in size to the wavelength of X-rays. Detailed in-

formation about the structure of the material can be derived from 

directing X-rays onto a crystalline sample and measuring the an-

gles at which these rays are diffracted.

The most common modes of XRD are single-crystal and pow-

der XRD. A review of the incremental development of X-ray crys-

tallography techniques and their general applications is outlined 

in Brooks-Bartlett and Garman. 52 XRD has applications in 

various fields such as materials chemistry for characterizing 

novel inorganic materials, in geology to identify mineralogy 

within rock matrices, in dairy science to study crystals in cheese, 

and in protein chemistry for structural determination, among 

others. The main drawback of single-crystal XRD is that it re-

quires the sample to be both large and purely crystalline, rather 

than polycrystalline. Powder-XRD can address these issues, but 

it has its own limitations. It relies on known reference samples, 

which makes it less suitable for identifying novel or unknown ma-

terials. In contrast, single-crystal XRD is more effective for 

analyzing unknown samples.

OoL studies apply XRD to examine reaction mechanisms, mo-

lecular structures, and surface interactions of organics with 

geological substrates. 53,54 It has been extensively used in deter-

mining the biophysical properties of proteins and nucleic acids. 

One prominent example within OoL is its application in under-

standing the ‘‘last nucleotide problem’’ encountered in the 

non-enzymatic copying of a template, where the addition of 

the last nucleotide was inefficient, despite several attempts to 

resolve this. 55 XRD confirmed the mechanism of this templated 

non-enzymatic primer extension reaction using imidazole-acti-

vated nucleotides. 55 It was determined that an unstable struc-

tural complex between the template, primer, and the last 

incoming nucleotide prevented the stable binding of the nucleo-

tide on the template, thus preventing the in-line chemical reac-

tion. The authors used an analog (due to difficulties in crystalliza-

tion of the original template-primer-nucleotide complex) of the 

imidazolium-bridged dinucleotide and demonstrated the confor-

mational role of the template, primer, and the bridged-dinucleo-

tide complex in aiding primer extension. This also highlighted dif-

ferences in the slow kinetics of non-enzymatic ligation reactions 

compared to primer extension reactions, despite the same acti-

vation mechanism. Similarly, XRD has been used in structural 

evaluations associated with the substitution of non-canonical nu-

cleobases (e.g., 2-thio-uridine instead of uridine) in short RNA 

strands and their base-pairing propensities in RNA duplexes, 56 

and studies on RNA backbone linkage heterogeneity (i.e., 2 ′ –5 ′ 

vs. 3 ′ –5 ′ linkage) have shown that such variations might not 

destabilize the duplexes in a primitive RNA scenario. 57 XRD has 

also been used to study the interaction between organic and
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inorganic materials. For example, XRD was used to characterize 

the formation of inorganic chemical gardens in the presence of 

salts and amino acids. 53 In another study, XRD patterns showed 

the competition of organics and dissolved salts for the occupa-

tion of interlayer vacancies in Na-montmorillonite clays. 54

Chromatography and hyphenated techniques 

Chromatography refers to a collection of techniques that sepa-

rate compounds from a material or a mixture based on their 

properties prior to detection. 58 The fundamental principle behind 

chromatography is the differential interaction of components be-

tween two phases: a stationary phase and a mobile phase. 58 As 

the name suggests, the stationary phase is a solid material or 

liquid that does not move, and the mobile phase is a liquid or 

gas that moves through the stationary phase. After injection of 

volatiles/gas or solubles, the separation occurs as the sample 

is carried by the mobile phase through the stationary phase. 

Different components in the mixture interact differently with the 

stationary phase, causing them to move at different rates, for 

example, due to their polarity, molecular mass, steric hindrance, 

or other molecular properties. 58 This results in the separation of 

the mixture’s components that leave the stationary phase at 

different times (retention times). Chromatography is a common 

technique to purify synthesized materials, but it can also be 

used for analysis. The result of a chromatographic analysis is a 

chromatogram, which shows the response of a detector (often 

a diode array detector [DAD]) as a Gaussian peak (corresponding 

to a molecule if the analytes were correctly separated) and iden-

tified by its retention time on the column. A well-separated sam-

ple contains non-overlapping peaks with distinct retention times. 

Optimizing a chromatographic method involves selecting appro-

priate stationary and mobile phases as well as the chromato-

graphic program (i.e., eluting time, flow rate, temperature, and 

pressure) to improve the separation between the compounds. 

The most common analytical chromatography techniques are 

liquid chromatography (LC) and gas chromatography (GC). 

Chromatography is often used as an initial step in analysis, and 

combined in sequence or simultaneously with spectroscopic 

techniques (such as UV-vis or DAD) or mass spectrometry. 58 

When two techniques are combined, it is common to hyphenate 

their abbreviations, such as GC-MS (for gas chromatography 

coupled to mass spectrometry). Often, hyphenated techniques 

provide one signal, with others providing separation power, as 

is the case for GC-MS. Combining two different techniques al-

lows the limitations of individual techniques to be overcome 

with complementary approaches.

GC and LC instruments are very common instruments, and 

most chemistry labs have access to them. The instrument cost 

is relatively low (depending on which detector is used), and the 

instrument operations can be learned quickly. HPLC is a tech-

nique many researchers use with only a short training and 

without the requirement for additional support from a technician. 

While chromatography can be used for quantification, a major 

drawback of it is that it typically does not provide information 

about the identity of compounds, and validated standards are 

required for method development and analysis. However, the 

main advantage of chromatography is its flexibility and its ability 

to be coupled to other powerful techniques.

GC

In GC analysis, the mobile phase is usually an inert gas such as 

helium or hydrogen, and the solid phase is an inert solid. 58 A 

sample is introduced to the instrument, where it is ionized; the 

ions are then carried by the inert gas and interact with the sta-

tionary phase based on the properties of the solid phase and 

their boiling points. More volatile compounds will move faster 

and hit a detector sooner than less volatile compounds, creating 

a separation between the ions. The most commonly used detec-

tor for portable and laboratory GC is a mass spectrometer.

GC requires analytes to be volatile and may need a pre-treat-

ment called derivatization, making the analyte more volatile by 

the addition of specific side chains. An example for derivatization 

in OoL research is the esterification of the carboxyl groups for the 

quantification of tricarboxylic acid cycle intermediates. 59 De-

pending on the detector and column used, GC analysis can 

have high sensitivity and resolution (down to the picogram per 

mL [ppt]). GC, and in particular GC-MS, has been used to 

demonstrate how key compounds in the citric acid cycle can 

be produced and broken down by iron ions in solution. 59 GC-

MS enabled the identification and quantification of analytes after 

derivatization. It has also been used to analyze and quantify the 

products of Miller-Urey-type experiments, demonstrating how 

borosilicate glass (from a glass reactor) can play an important 

role in product distribution. 60

LC

In LC experiments, materials in solution are injected into a liquid 

mobile phase, which then flows through a column with a solid 

stationary phase. The properties of the mobile phase and the col-

umn, combined with other parameters, such as the pressure and 

flow rate, will determine how compounds are separated. The dif-

ference between LC and HPLC has to do with the pressures, vol-

umes, and flow rates used in the different instruments, which all 

affect the separation and runtime for experiments. Historically, 

HPLC referred to LC experiments with pressures exceeding 

∼10 bars, and with smaller solid phase particles (<∼10 μm), 

but the difference has been blurred, and most contemporary 

LC analysis is HPLC. 61

There is a wide variety of columns for different separations. 

Commonly, columns are distinguished between normal phase, 

which means a polar stationary phase and a non-polar mobile 

phase or a reverse phase, where phases are reversed and the 

mobile phase is polar, moving over a non-polar stationary phase. 

Compared to GC, LC can handle a more diverse range of com-

pounds by using different solvents, accommodating polar or 

nonpolar and acidic or alkaline species. LC typically offers 

shorter analysis time than GC. The importance of choosing the 

right chromatographic columns and preparation methods 

cannot be overstated, as these elements are critical for detecting 

compounds ranging from parts per billion to parts per trillion in 

both standard and mixture samples.

Often, HPLC is coupled with MS, as the combination of those 

techniques allows product identification and quantification in 

one injection. The UV-vis or DAD detector that can be commonly 

found on an HPLC, enables accurate quantification of a com-

pound, while accurate analyte identification is possible by MS. 

The combination of HPLC-MS has been used for a wide range
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of sample analysis in OoL research, for example, tracking the 

abundance of depsipeptide oligomers through wet-drying cy-

cles, 17 the analysis of formose reaction mixtures, 62,63 and the 

observation of abundance of replicators in a chemical Darwinian 

system. 64 These are only a few examples of the ubiquitous use of 

LC in prebiotic chemistry and other OoL research.

MS

MS analyses the mass-to-charge (m/z) ratio of ions to identify and 

quantify molecules in samples, revealing their composition and 

structure. 65 In MS, samples must be ionized, and the m/z ratios 

of the resulting ions are measured. These ratios help calculate 

the mass, enabling the identification of specific molecules in mix-

tures or the determination of molecular formulas. Additionally, the 

high resolution of modern MS technologies facilitates elemental 

and isotopic analysis. Different ionization techniques (Table 2) 

allow MS to analyze a wide range of materials, with its high sensi-

tivity making it capable of analyzing molecules and mixtures in pi-

comolar to millimolar quantities. Coupling MS with chromatog-

raphy further enhances its sensitivity, enabling quantification of 

femtomoles of organic compounds that respond well to the cho-

sen ionization source. Detection limits, reported as the limit of 

detection (LOD) and limit of quantification (LOQ), typically exceed 

1 nanogram per mL (or ppb) and can reach as low as ppt, allowing 

for the detection of femtomoles in solutions. 66,67 However, the 

high sensitivity can lead to disadvantages such as susceptibility 

to sample contamination, high false-positive rates, and down-

stream challenges in data analysis. 68 Additionally, the ionization 

process, which transforms solid or liquid materials to the gas 

phase, can introduce non-linearities that can make absolute 

quantification difficult. 65 For this reason, MS is often coupled 

with other methods (such as UV-vis) to enable quantification 

and identification of molecules/elements in a single run.

MS instruments come in different varieties, but the main differ-

ences are the ionization and detection methods. 69 The ionization

mode is an important factor to consider for the type of molecule 

being analyzed by MS. Most instruments can detect ions in either 

positive or negative mode; however, the detector cannot analyze 

both types of ions simultaneously. Molecules are more or less 

likely to gain or lose charge depending on their intrinsic proper-

ties, and therefore, a single sample can generate different signals 

depending on the ionization mode used. Electrospray ionization 

(ESI) applies a high voltage to the liquid sample as it flows out of a 

capillary, atomizing the sample into tiny, charged droplets. 

These will split into charged ions as the solvent evaporates, al-

lowing the analytes to enter the gas phase. ESI is the most com-

mon ionization technique for samples in solution, particularly for 

metabolomics and proteomics analysis, but other ionization 

techniques, such as matrix-assisted laser desorption ionization 

(MALDI). A third common ionization mode is the electronic 

impact combined with GC (GC-MS), which can yield molecular 

fragmentation patterns that are used to identify molecules. 

MALDI is often coupled with time of flight (ToF-MS) to identify in-

dividual compounds. 69 With MALDI, the sample is required to be 

uniformly mixed in a matrix that absorbs the energy of the laser 

and converts it to heat energy so that the sample is not frag-

mented. The rapid heating allows for a small part of the matrix 

to be vaporized together with the sample, generating charged 

ions of various sizes. This technique can be used in OoL research 

to detect the polymerization of oligonucleotides from precursor 

monomers. 70 A limitation of MALDI is that each organic molecule 

and sample needs a specific matrix and a preparation method 

that may vary based on the study. This limitation also occurs in 

OoL research; for example, a study of polymerization reactions 

analyzed with MALDI is limited by mass resolution and discrim-

ination. 71 Techniques such as MALDI have characterized highly 

conserved components of modern ribosomes, demonstrating 

their ability to catalyze peptide bond formation. 72

The detection method (or mass analyzer and detector) de-

scribes how the ionized compounds are separated by their m/z

Table 2. Different MS ionization techniques

Ionization method Sample Media Pros Cons Typical uses

ESI (electrospray ionization) liquid soft ionization, 

applicable for 

macromolecules

sensitive to contamination, 

multiple charges possible

very common ion source for 

LC, proteomics, lipidomics, 

metabolomics,

complex mixtures

EI (electron ionization) gas simple instrumentation limited to molecules below 

600 Da,

significant fragmentation of 

ions,

sensitive to contamination

very common ion source for 

GC, organic mixtures, pure 

compounds, metabolomics

CI (chemical ionization) gas simple,

soft ionization

not universal,

neutral gas may introduce 

contamination

organic mixtures, pure 

compounds

MALDI (matrix-assisted laser 

desorption ionization)

solid (liquid) soft ionisation, 

applicable for 

macromolecules

matrix selection, complex 

prep

proteomics 

solid samples

ICP (inductively coupled 

plasma ionization)

solid/liquid/gas applicable for elemental 

analysis,

fast analysis,

complexity of instruments

and analysis, risk of 

contamination

inorganics

isotope ratio/elemental 

analysis

Each technique provides pros and cons and are commonly used in different cases.
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ratio and then detected by the instrument. The detection method 

will determine the mass range and resolution of measurements 

made using the technique. For example, in ToF-MS, the m/z ratio 

is determined by measuring the velocity of ions that are acceler-

ated by an applied electric field. An example of using the ToF-MS 

is the detection of hopanoids as biomarker molecules in geolog-

ical samples. 73

A detailed understanding of an MS analysis requires an under-

standing of the ion source and the detection method. The price 

and performance characteristics of MS instruments can vary 

dramatically. Bench-top MS instruments exist, but often have 

restricted mass ranges, limited modes of operation, and lower 

resolution. High-resolution instruments with multiple analysis 

and detection methods are very expensive and require regular 

maintenance. Accordingly, many universities share MS instru-

ments and employ technicians for instrument care and data 

analysis.

Quantification with MS is challenging, in part because the ioni-

zation process does not affect all molecules uniformly, leading to 

discrepancies between the actual number of molecules and the 

ions detected. 74 For quantification, introducing a carefully 

selected standard into the sample (often referred to as an internal 

standard) can help. This standard should closely mirror the 

behavior of the target molecule to ensure accurate comparisons 

in terms of ionization, molecular mass, separation, and detection 

performance. 75 While other techniques like isotope labeling exist 

for both absolute and relative quantification in MS, they are pri-

marily developed for proteomics and may not apply broadly to 

other substances. 76 When coupled to a separation step (e.g., a 

chromatographic technique), MS can elucidate the identity of 

many compounds in complex mixtures. 62,77–79

When comparing different MS instruments, it is important to 

consider key parameters like resolution and accuracy. Resolution 

refers to the instrument’s ability to distinguish between closely 

spaced peaks in the spectrum, such as ions with very similar 

masses. Accuracy, on the other hand, refers to how closely the 

instrument’s measurements of ion masses match the true or 

accepted values. Different instruments and even different set-

tings on the same instrument can offer various benefits and 

trade-offs. High-resolution MS (HRMS) is a term usually used 

for mass spectrometers with ToF, orbitrap, or Fourier transform 

ion cyclotron resonance analyzers. Orbitrap MS instruments 

are known for their high resolving power across a broad mass 

range and maintain high mass accuracy. This capability allows 

accurate assignment of exact molecular formulas to detect ions 

and differentiate ions that have the same elements but different 

isotopes. In contrast, triple-quadrupole MS instruments, which 

typically have lower resolution, are more suited for robust relative 

quantification of known ions. 45,65 HRMS techniques require the 

help of a technician and several months of method development 

and post-processing analysis, as the analysis leads to the detec-

tion of hundreds of compounds. In the following subsections, we 

discuss the application of MS to identify specific molecules as 

well as elemental and isotopic compositions.

Molecular analysis

MS is commonly used to confirm the identity of individual mole-

cules in a sample. This process often requires coupling MS with

another technique and relies on additional data about the mole-

cules, such as their mass and their propensity to fragment upon 

ionization. Identification typically utilizes reference spectra from 

extensive databases, although in some cases, simulated spectra 

can also be used. 80 One of the most common MS techniques in 

this regard is MS coupled with chromatography (GC-MS or 

HPLC-MS) to identify and quantify organic compounds (specif-

ically in untargeted metabolomics’ studies). 81 For example, 

GC-MS has been used to analyze complex mixtures like those 

from Miller-Urey experiments, 60 and conducted time series anal-

ysis of the formose reaction. 60,63 ESI-MS has been used to study 

the selective formation of peptide bonds on mineral surfaces, 82 

and for the analysis of formose reaction products, a known 

combinatorial explosion that entails hundreds of compounds in 

solution. 62

A powerful way to identify small molecules with MS is through 

tandem mass spectrometry (MS/MS), in which the analytes are 

fragmented more than once. 65 In the first mass analysis step 

(which is identical to conventional MS) ‘‘parent ions’’ (MS 1 ) are 

identified. These parents are then fragmented and reanalyzed 

by a second mass analysis step (MS 2 ). With some instruments, 

this process can be repeated several times (MS n ), but since 

the molecule is fragmented in each step, leading to more frag-

ments and fewer ions overall, more than two fragmentation steps 

are less common. MS/MS provides information about the 

ionized analyte via its fragmentation or degradation pattern. 

The fragmentation pattern can be used to assign the molecular 

composition and often the structure of the molecule. Typically, 

this technique depends on databases of reference spectra, 

which exist for conventional biopolymers such as proteins. 83 

However, it can also be used to sequence non-conventional 

polymers, such as depsipeptides, which have been used in 

OoL research and cannot be sequenced using traditional 

sequencing techniques or traditional proteomics methods. 84,85

Elemental and isotopic analyses

MS is commonly used for the identification of molecules in sam-

ple mixtures, but it can also be used for isotopic and elemental 

elucidation. Isotope-ratio MS (IR-MS) enables the identification 

of isotopes in bulk materials or individual molecules. IR-MS 

can discriminate between nuclei such as 2 H and 1 H, 13 C and 
12 C, 15 N and 14 N, or 18 O and 16 O. 86 The determination of the rela-

tive abundance of a non-radiogenic element provides informa-

tion about isotopic fractionation in a sample due to the origin 

of the material. This can be useful for distinguishing biological 

processes from abiotic backgrounds, because biological pro-

cesses tend to be enriched in lighter isotopes of carbon and ni-

trogen. 86 Similarly, the relative abundance of radiogenic nuclei 

and isotopic proxies can be used to date material in the different 

strata of a sediment (e.g., 14 C/ 12 C, 18 O/ 16 O, 40 Ar/ 39 Ar, 87 Sr/ 86 Sr, 

and 206 Pb/ 204 Pb). 87 IR-MS has been used to analyze extraterres-

trial objects (comets, asteroids, planets, natural satellites, etc.), 

which can yield insights into the composition of the early solar 

system and therefore of Earth, providing information about 

Earth’s early history, before, and during OoL. 88

Inductively coupled plasma MS (ICP-MS) ionizes and analyzes 

a sample to produce atomic (or small molecular) ions. 89 Unlike 

the other ionization methods described here, this method is
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high temperature and atomizes most small organic molecules, 

meaning it is unsuitable for the analysis of most biomolecules; 

however, it is well suited for the analysis of trace elements and 

isotopes of those elements. The coupling of ICP with MS facili-

tates efficient ionization of the analyte, leading to exceptionally 

high sensitivity, and enables the analysis of substances at very 

low concentrations (down to ppt concentrations with high sensi-

tivity and relatively high resolution according to the MS detector), 

including the detection of trace elements in geological sam-

ples. 90 This technique has been used to trace the origin of the el-

ements in meteorites. 91 Compared with alternative methods for 

measuring trace metal abundances, the advantage of ICP-MS 

is that it is more sensitive, can measure multiple elements simul-

taneously, and has relatively simple sample preparation require-

ments. The major drawback is that ICP-MS instruments are high-

ly specialized and, therefore, expensive to purchase and 

operate.

MS techniques are used across many scientific domains and 

in the OoL community because they offer a wide range of bene-

fits and flexibility. They are particularly powerful when combined 

with complementary techniques and large reference datasets. 

For this reason, MS has continued to play a central role in chem-

istry, proteomics, and metabolomics. We anticipate it will 

continue to play a central role in OoL research.

Microscopy techniques

Microscopy techniques are tools to investigate what the sample 

‘‘looks like’’ in the most direct way. They involve the examination 

of objects and their details using microscopes, enabling the visu-

alization of structures and features at scales beyond the naked 

eye’s capabilities. Some microscopy techniques can be com-

bined with spectroscopy, enriching the physical insights with 

chemical information. Raman and IR spectroscopy are most 

commonly used for this purpose.

Microscopy techniques can be used in OoL research 92 to visu-

alize supramolecular structures assembled from primitive chem-

icals or chemical ensembles, such as protocells and other 

primitive compartments, 92,93 nanofibers and molecular self-as-

semblies, 94,95 and mineral structures (both terrestrial 96 and ex-

tra-terrestrial 97 ). Here, rather than providing a detailed review 

on the entire breadth of microscopy techniques available to re-

searchers, we briefly highlight a selection of microscopy tech-

niques commonly used in OoL research.

Light and fluorescence microscopy

Light microscopy (also known as brightfield microscopy) illumi-

nates a sample (typically prepared on a transparent surface). 

As the light traverses the sample, it can be absorbed, scattered, 

or deflected, which alters the light’s path before it is magnified by 

an objective lens and captured by a detector or camera. The re-

sulting pattern in the detector forms the image we see. 98 A series 

of images acquired over time can be strung together to create a 

‘‘movie’’ of a sample. However, depending on the physical char-

acteristics of the sample, it might not always be feasible to distin-

guish between features of the material and noise or other arti-

facts. In these situations, alternative methods exploit light’s 

inherent properties (such as phase shifts or changes in the light’s 

polarity after it interacts with the sample). These methods include

phase contrast microscopy, 99 differential interference contrast 

(DIC) microscopy, 100 and polarization microscopy, 101 each of 

which has been applied to OoL studies for both static image 

and movie acquisition (e.g., Kindt et al.; Jia and Fraccia 102,103 ). 

In certain situations, direct light cannot be used to visualize 

samples, often due to a lack of contrast with their background. 

In these cases, a technique known as fluorescence microscopy 

can be used to detect fluorescence signals in samples, allowing 

for their visualization. 104 In fluorescence microscopy, light of a 

specific excitation wavelength is directed onto a sample, causing 

fluorescent molecules within the sample to emit light at a 

different, specific wavelength. This emitted light pattern is then 

collected by an objective lens and captured by a detector, 

creating an image of the sample. Some chemicals and materials 

are naturally fluorescent, including specific protocells, 105 lipids 

and proteins, 106 RNA and DNA, 107 as well as other organic com-

pounds useful for biogeochemistry studies 108 and fluorescent 

mineral studies. 109 For OoL studies, samples from environmental 

sources or synthesized in the lab that contain these naturally 

fluorescent materials can often be imaged directly, or with min-

imal processing and sample preparation, using a fluorescence 

microscope. However, samples without such natural fluores-

cence often need a ‘‘fluorescent tag’’ to be added into the sys-

tem to be visualized by a fluorescence microscope. These 

‘‘tags’’ can be small molecules or proteins that can be non-cova-

lently incorporated into the sample (e.g., fluorescent thioflavin T 

labeling of peptide and DNA 110 or fluorescent intercalation into 

nucleic acid duplexes to identify species or quantify potential 

prebiotic oligoribonucleotides 111,112 ). Another option to fluores-

cently label a sample is to covalently link a fluorescent molecule 

to a component of the sample so that when the sample is pro-

duced, the fluorescence is already intrinsically apparent within 

the sample: examples of this include green fluorescent protein 

(GFP) fusions 113,114 or fluorescein labeling of nucleic acids. 115 

Such fluorescence microscopy techniques can also take advan-

tage of fluorescence transfer of pairs of fluorescent molecules 

(i.e., the fluorescence emission wavelength of one molecule 

equating to the excitation wavelength of another) to visualize mo-

lecular interactions between fluorescently tagged components 

in a sample through fluorescence resonance energy transfer mi-

croscopy. 116 Single-molecule particle tracking methods using 

fluorescence microscopy have also been used to analyze the 

diffusion 117 and coalescence/wetting 118 properties of mem-

braneless protocells.

Confocal microscopy and optical coherence 

tomography

Using a high intensity of direct light for fluorescence excitation, 

known as epifluorescence, works well for general sample imag-

ing under a microscope. However, this method may not always 

provide sufficient detail about the sample’s spatial layout, espe-

cially in the vertical (z direction) dimension in thicker samples. To 

overcome this limitation and achieve precise vertical resolution, 

confocal microscopy is utilized. 119,120 This advanced technique 

has been particularly valuable in OoL research, such as exploring 

the hypothesis of giant vesicle colonies 121 or examining interac-

tions between organic compounds and minerals. 122 Similar to 

epifluorescence microscopy, confocal microscopy also uses
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incident light to stimulate fluorescence in a sample. However, a 

confocal microscope uses a laser to target and excite specific 

regions within the sample’s horizontal dimension (width and 

length). This targeted approach reduces the risk of damaging 

the sample. Photobleaching, the fading of fluorescence due to 

prolonged light exposure, can lead to the deterioration of the 

sample or its fluorescent signal, but it can be minimized through 

the controlled use of laser light in confocal microscopy. 123,124 It 

is possible to enhance image clarity and depth resolution in 

confocal microscopy through a component known as a pinhole. 

This pinhole ensures that only light from the precisely focused 

plane of the sample contributes to the image, effectively filtering 

out unfocused light. By adjusting the pinhole to a small size, the 

microscope captures high-resolution images of extremely thin 

cross-sections of the sample along its vertical axis (z direction). 

Sequentially imaging slices at various depths allows for the as-

sembly of a detailed 3D reconstruction of the sample, achieving 

exceptional spatial resolution.

Confocal microscopy not only enhances imaging precision but 

also supports dynamic studies of complex systems. A notable 

example is fluorescence recovery after photo bleaching 

(FRAP). 125 In this technique, the microscope’s excitation laser 

is intensified to deliberately bleach a targeted area within a fluo-

rescent sample. Subsequently, the recovery of fluorescence 

within this area is observed over time. The speed at which fluo-

rescence returns can reveal key physical characteristics of the 

system, such as molecule exchange rates between compart-

ments, 126 the diffusion rates of fluorescent molecules, 127 or the 

phase (solid or liquid) of the sample. 128 This method provides 

valuable insights into the molecular dynamics and structural 

properties of the system under study.

EM

Electron microscopy (EM) uses a beam of accelerated electrons 

to generate images. The resolution attained is significantly higher 

than that of light microscopy due to the electrons’ short wave-

length and, depending on the electron microscope type and 

operating mode, can extend into the picometer (pm) range. EM 

has a broad range of applications. There are primarily two types 

of EM–scanning (SEM) and transmission (TEM). SEM generates 

images by sweeping a focused electron beam across the spec-

imen and detecting the energy variation resulting from electron-

specimen interactions. 129 On the other hand, TEM involves 

transmitting an electron beam through a specimen to produce 

a high-resolution image. 130 It can be used to examine the spec-

imen’s nano to atomic-scale internal structure, including the 

arrangement of organic molecules, the nano-structure of inor-

ganic minerals, and elemental distributions for investigating 

organic origins or dating rocks and fossils (although interpreta-

tion of these data is a source of debate). 131–133 For TEM analysis, 

the specimen must be prepared as an ultrathin foil (<100 nm 

thick) to enable electron transmission and image projection. 

This method can also accommodate nanoparticulate matter 

placed on small grid plates for electron beam exposure. TEM 

typically offers higher resolution than SEM but requires more 

extensive sample preparation due to its focus on interior details; 

whereas SEM, which images the specimen’s surface, allows for 

the examination of more intact samples with less preparation.

Recent research has utilized SEM or TEM in conjunction with 

spectroscopy to explore the oceanic lithosphere. 134,135 These 

studies focus on the relationship between catalytically active 

minerals and nearby abiotic carbonaceous materials, which 

are thought to offer free energy for chemical synthesis. 119 

Through high-resolution imaging, SEM and TEM reveal the 

detailed structure of rocks, emphasizing the role of nanocrystal-

line minerals in catalysis and how the porous nature of these min-

erals may enhance the synthesis of abiotic organic compounds 

by confining reactions at the nanoscale.

In the context of studying the OoL through geological perspec-

tives, it becomes essential to examine the surface chemistry of 

minerals and rock formations that possess catalytic properties. 

The advancement and accessibility of in situ liquid and/or gas-

cell TEM, along with atomic-resolution aberration-corrected 

TEM, enable the direct observation of catalytic sites on mineral 

surfaces during experiments that mimic prebiotic hydrothermal 

conditions. These cutting-edge EM techniques open the door 

to gaining novel insights into the physical and chemical pro-

cesses involved in the synthesis of prebiotic organic compounds.

AFM

AFM generates images of surfaces by moving a small, sharp 

probe over the material. The probe has a cantilever attached to 

it and is deflected by the structure of the surface. The deflection 

can be measured, usually with a laser, and this gives insights into 

the properties of the surface, including its shape. The probe is 

often less than a few nanometers in width at the tip, and this 

can create high-resolution images of the sample. AFM can 

generate images at a higher resolution than optical microscopy, 

approaching the detail of EM. It has some advantages over elec-

tron microscopy, because its sample preparation is less compli-

cated than what is required for EM methods. The properties of 

the probe can be chosen to measure more than just the topog-

raphy of the material, such as electrical or magnetic properties 

of the surface. AFM has been used to characterize the hypothe-

sized ancient microfossils, 120,121 and such analysis can often be 

complemented with RS to characterize the shape and composi-

tion of materials. AFM can also be coupled directly to IR spec-

troscopy. 120 AFM has also been used to analyze aggregates 

formed from the composition of non-canonical nucleobases. 122 

AFM is still widely used in many labs, particularly in materials sci-

ence; however, optical and EM are much more common.

Genomic sequencing

Nucleic acids play a fundamental role in modern biology, and it has 

been postulated that primitive systems on early Earth also incorpo-

rated nucleic acids 136 or nucleic acid-like molecules. 137 While pre-

viously mentioned techniques can provide extensive insight into 

nucleic acids and amino acids, identifying the exact order in which 

these encode information, a process known as sequencing, is 

crucial for deepening our understanding of both the primitive 

and contemporary aspects of functional polymers. 125

Sanger sequencing

Sanger sequencing, a foundational method developed in 

the 1970s, revolutionized genetic analysis by enabling the deter-

mination of the precise order of nucleotides in a DNA
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molecule. 138,139 This technique relies on DNA synthesis, where a 

DNA strand is copied in the presence of normal nucleotides (i.e., 

deoxynucleotides) and special versions of nucleotides called di-

deoxynucleotides. In the copy of DNA, while the DNA strand is 

elongated using deoxynucleotides, the incorporation of a di-

deoxynucleotide terminates the DNA chain. These dideoxynu-

cleotides, specific to one of the four DNA bases (A, T, C, or G), 

are each tagged with a distinct fluorescent marker. By copying 

the DNA in a mixture containing these terminating nucleotides, 

a series of DNA fragments of varying lengths is produced, 

each ending at the position of its respective base. These frag-

ments are then separated by length using gel electrophoresis, 

and their sequence is read by detecting the fluorescent tags. 

The result is a readable, linear sequence of bases, revealing 

the genetic information contained within the DNA sample. 

Sanger sequencing has been instrumental in countless genetic 

research projects, including the Human Genome Project, offer-

ing insights into the fundamental blueprints of life.

The main advantages of Sanger sequencing are its high accu-

racy, cost-effectiveness, and the simplicity of its well-estab-

lished protocol. In OoL research, Sanger sequencing is 

commonly used to identify enriched variants at the end of the 

in vitro selection processes 126,127 (see part 2 Synthetic biology: 

Protocells 7 ). However, Sanger sequencing also comes with 

notable limitations. Its lower throughput, in comparison to 

high-throughput sequencing (HTS) technologies (see Genomic 

sequencing: High-throughput sequencing), limits its applicability 

for extensive genomic projects. Additionally, it is best suited for 

analyzing sequences up to about 900 bases, which constrains its 

utility for longer DNA fragments.

HTS

The advent of HTS techniques has revolutionized genomic 

research by enabling the analysis of millions or even billions of 

bases swiftly and cost-effectively. Unlike Sanger sequencing, 

which focuses on single nucleic acid sequences, HTS can simul-

taneously process a vast array of nucleic acids from mixed sam-

ples. Over the past two decades, several HTS methods have 

emerged, including long-read techniques like single-molecule 

real-time (SMRT) and Nanopore sequencing, and short-read 

methods such as pyrosequencing, SOLiD, Illumina, DNA Nano-

ball, and Helico single-molecule sequencing, among others. 

Figure 3 summarizes these technologies, categorizing them by 

read length, PCR usage, and sequencing method (synthesis or 

ligation). 128 Among these, sequencing by synthesis and nano-

pore sequencing have become particularly prominent in OoL 

studies, chosen for their optimal balance of cost, read length ca-

pabilities, and throughput. Importantly, both of these platforms 

are equipped to analyze both DNA and RNA, directly or indi-

rectly, addressing a critical need in some OoL studies. 

Sequencing by synthesis, most commonly used on Illumina 

sequencing platforms, requires a DNA library consisting of 

many copies of each sequence from the original sample, typi-

cally generated by polymerase chain reaction (PCR). While 

DNA can be amplified directly by PCR, RNA must first undergo 

reverse transcription to synthesize complementary DNA 

(cDNA) before amplification, a process known as reverse tran-

scription PCR (RT-PCR). 140 Once these amplified libraries are 

prepared, they are subjected to a flow cell, where sequences 

attach to its surface. A flow cell can accommodate up to billions 

of clusters, enabling billions of sequences to be analyzed in par-

allel, which highlights the high throughput of this technique. 

However, the vast scale of sequencing data generated in a 

single run requires significant processing to produce accurate 

and usable information. One potential issue during library prep-

aration is the introduction of adapter bias; in a typical library 

preparation, defined short sequences called adapters are 

ligated to RNA or cDNA of interest for its amplification or 

sequencing. However, adapter ligation exhibits differential effi-

ciency depending on target RNA or cDNA sequences, leading to 

unequal representation of sequences in the final library. The 

ligation step in RNA sequencing library preparation is a recog-

nized source of bias, driving improvements in enzyme technol-

ogies and library construction methods. 141 This bias can

Figure 3. An overview of various next-generation sequencing technologies, showcasing their underlying principles

Figure adapted from Satam et al. 128
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be further amplified during subsequent PCR amplification, ulti-

mately affecting the accuracy and reliability of sequencing 

data. Nevertheless, certain techniques during the library prepa-

ration phase, such as sample barcoding, 142 can help accurately 

quantify, categorize, separate, or increase the throughput of se-

quences within a library. Barcoding also helps to minimize 

sequencing noise and bias.

Sequencing by synthesis techniques have been heavily used 

in the OoL field to study the landscape profiles of evolving prim-

itive nucleic acids that have a specific function (such as ap-

tamers, RNA strands that bind to small molecules 143 ) that can 

catalyze reactions (such as in ribozymes 144 ) and that can poly-

merize (such as in replicating systems 145 ). Sequencing studies 

on systems combining genotype with phenotype information 

by linking peptides with nucleic acids through display methods 

have also afforded more detail into evolving functional peptide 

landscapes 146 or in the synthesis and evolution of ribosomes 147 ). 

We note that while sequencing by synthesis is typically asso-

ciated with Illumina sequencing platforms, a similar principle is 

also utilized in MGI sequencing platforms, which employ 

sequencing by combinatorial probe-anchor synthesis (cPAS) 

combined with DNA nanoball technology. 148 Recent studies 

have shown that the sequencing quality, accuracy, and sensi-

tivity of both platforms are comparable, while MGI platforms 

can operate at lower costs per data. 149 In OoL research, 

sequencing by cPAS has been used to study non-enzymatic 

ligation and recombination dynamics in short random RNA 

mixtures. 150

While the sequencing techniques mentioned above have pro-

vided significant advances in understanding nucleic acid evolu-

tion and function both within and outside OoL studies, these 

techniques do not allow the sequencing of modified or non-ca-

nonical nucleotides, which may have been relevant on the early 

Earth. 151 Although mechanisms to sequence non-canonical nu-

cleotides, such as by mass ladder analysis 152 or ‘‘indirect’’ 

sequencing techniques requiring extra library preparation 

steps, 153 have been used, they still require further optimization 

for widespread and general use and require further development 

to efficiently and effectively detect modified nucleotide bases. 154 

One such technique that has recently been used for such pur-

poses is nanopore sequencing, 155–157 which directly sequences 

analyte nucleic acids (as opposed to sequencing by synthesis, 

which indirectly sequences nucleic acids by producing a com-

plementary strand to the analyte). 128,158 First, the nucleic acid 

to be analyzed passes through a nanopore, which is composed 

of a protein in a synthetic polymer membrane. While passing 

through the pore, one by one, each of the bases elicits an ionic 

current. This current is unique for each base, due to their differ-

ences in electronic structure, and the sequence of the nucleic 

acid is inferred based on the string of different ionic currents 

that appear when the nucleic acid transits through the pore. 

Some OoL research has used nanopore sequencing to study 

the oligomerization of nucleic acids under simulated early Earth 

geological conditions, such as in hydrothermal fields. 106,159,160 It 

should be noted that nanopore sequencing exhibits relatively 

high error rates, 161 limiting its application, especially in 

sequencing highly random DNA/RNA mixtures such as evolving 

populations as mentioned above. Improving error-correction

methods in the future could help overcome this challenge, 

though ongoing improvements in algorithms and chemistry are 

also working to mitigate these issues.

Because each base elicits a unique ionic current in nanopore 

sequencing, this means that not only can canonical bases be de-

tected, but non-canonical bases and base modifications can 

also be identified based on each of their respective unique ionic 

currents. The nanopore system can theoretically be optimized to 

detect nearly any non-canonical base or base modification, 162 

as well as even amino acids in a peptide, 138 and variations of 

nanopore sequencers containing inorganic nanopores or elec-

trodes have also been developed. 139 However, given that there 

are hundreds of known base modifications of RNA alone, 152 not 

to mention a very large number of non-canonical bases, 163,164 

the resolution required to distinguish ionic currents of all of these 

bases within the same nucleic acid polymer may be practically 

challenging to achieve. Such thorough analyses may only be 

possible through further technological development.

Another potential advantage of nanopore sequencing is its 

ability to read long sequences (e.g., over 10,000 bases) without 

fragmenting them to around 500 bases or less, which is neces-

sary when using sequencing by synthesis techniques. However, 

in some OoL research, another long-read sequencing technol-

ogy, SMRT, has been chosen to analyze evolving populations 

of genomic RNA (approximately 2,000 bases) due to its accuracy 

after error correction. 145,165 Sequencing by synthesis techniques 

have not been applied to these studies because the fragmenta-

tion process disrupts the combination of mutations within the 

same genomes.

In summary, while Sanger sequencing is best suited for projects 

requiring high accuracy in the sequencing of short DNA fragments 

(such as precise mutation detection, validating sequences ob-

tained by other methods, or sequencing small genomes), HTS 

technologies are ideal for large-scale genomic studies (such as 

whole-genome sequencing, transcriptome analysis, and metage-

nomics), where the goal is to process a vast amount of genetic 

material quickly and cost-effectively. In addition to selecting the 

appropriate sequencing technology for specific research goals, 

it is crucial to address challenges related to transparency and 

reproducibility in sequencing workflows. These challenges are 

particularly evident when custom scripts are used, especially 

those tied to patents or proprietary methods. To mitigate these is-

sues, one potential solution involves using repositories with 

restricted access under academic licenses, sharing simplified ver-

sions of code, and providing detailed workflow descriptions. 

These measures can balance reproducibility with intellectual 

property concerns while fostering scientific openness.

A case study

OoL researchers have a wide variety of analytical techniques at 

their disposal. The choice of the technique depends on several 

factors such as availability, ease of access, costs, and technical 

knowledge. We have introduced the basics of analytics 

throughout this section, and now shall consider examples to 

demonstrate how a combination of the aforementioned tech-

niques can be employed to address research questions and am-

biguities that arise from specific techniques. We will discuss a 

key article as an example, which is available as open access. 122

Please cite this article in press as: OoLEN (Origin of Life Early-career Network)Asche et al., What it takes to solve the origin of life: An integrated review. 
Part 1–Experimental methods and data repositories, Cell Reports Physical Science (2026), https://doi.org/10.1016/j.xcrp.2026.103212

14 Cell Reports Physical Science 7, 103212, April 15, 2026

Review

ll
OPEN ACCESS



The paper considers the possibility of non-biological nucleo-

tides. Structurally, a nucleotide monomer can be simplified into 

three components—a sugar, a nucleobase, and a phosphate. 

The sugar is connected to the nucleobase by a glycosidic 

bond, and the phosphate is connected to the sugar by an ester 

bond. Many studies in the OoL consider how biological nucleo-

tides came to be, and if alternative chemical systems are 

possible, or if modern nucleic acids were preceded by simpler 

compounds. Cafferty et al. 122 show that under aqueous reaction 

conditions, melamine and barbituric acid (BA), two nucleobase-

like molecules, form glycosidic linkages with ribose and ribose-

5-phosphate (R5P), resulting in non-canonical nucleosides and 

nucleotides, respectively. The nucleotides of melamine (MMP) 

and barbituric acid (BMP) were also found to form supramolec-

ular assemblies within the crude reaction mixtures.

The study by Cafferty et al. 122 used a combination of tech-

niques to investigate if BA and melamine could form nucleotides 

with R5P. The study utilizes two specific types of chromatog-

raphy for purification of nucleotides from the reaction mixture, 

ion-exchange chromatography (BMP with anion exchange and 

MMP with cation exchange), and HPLC. UV-vis spectroscopy 

was used for the detection and characterization of MMP and 

BMP nucleotides at 260 nm in a sodium dihydrogen phosphate 

buffer (pH 7). HRMS was used for the confirmation of BMP and 

MMP masses. NMR spectroscopy was used for structural and 

stereochemical characterization of the nucleotides. CD spec-

troscopy was used to analyze the supramolecular assemblies. 

AFM was used for imaging of the supramolecular topographies. 

HPLC coupled to an MS is a good technique to determine the 

product mass (m/z), especially because it allows detection at 

micromolar concentrations. The authors in this case used 

HPLC-MS to confirm the product masses and reported that the 

product separation on the HPLC was detected using UV spectros-

copy at 260 nm. The authors confirmed the m/z of the products 

BMP and MMP nucleotides in the negative ion mode (m/z 

339.0243 and 337.0659, respectively). While HPLC-MS provides 

a mass, it does not give any information on the stereochemistry, 

conformation, configuration, or structure. If a product has two iso-

mers of the same m/z, they would not be differentiated by HPLC-

MS unless a column and method were designed to separate them. 

Therefore, in this study, NMR was used to determine the structure. 

Optimized reactions generated products in concentrations that 

were undetectable by NMR, so a bulk scale column chromatog-

raphy was performed to isolate the products and pool them 

together to obtain sufficient concentrations for NMR analysis. 

Once sufficient quantities of BMP/MMP were obtained, the 

authors used 1 H NMR to confirm the products. The authors 

used 2D NMR (see ‘‘NMR spectroscopy’’) techniques like 

HSQC, HMBC, COSY, and TOCSY in conjunction to confirm 

the proton signal assignments and glycosidic bond formation 

between C1 ′ of the sugar and C5 of the non-canonical nucleo-

bases. 1D rotating frame Overhauser effect (ROE) was used to 

confirm the anomeric ratios (α vs. β anomers). Note that canon-

ical nucleobases have a C1 ′ –N glycosidic bond, which is less 

stable than a C1 ′ –C glycosidic bond observed with BMP in this 

specific study.

The authors used CD (see ‘‘CD spectroscopy’’) to observe any 

possible supramolecular assemblies in the mixtures of BMP and

MMP. In the case of amino acids and peptides, CD is the go-to 

technique as the peptide secondary structures have unique 

signature-curves. 166 To further study supramolecular assembly, 

the authors used a type of AFM (see ‘‘AFM’’) and, in conjunction 

with the CD observations, concluded that BMP and MMP nucle-

otides assemble as hexad stacks through non-covalent interac-

tions and give rise to linear strands as observed under AFM. 

As one can see how a combination of techniques was required 

to establish a simple non-canonical nucleotide synthesis and 

how one can glean structural information to study a molecule 

in such precise detail. From a chromatographic point of view, 

the authors have used anion exchange chromatography for 

BMP and cation exchange chromatography for MMP. The 

reason for not using the same type of column for both types of 

nucleotide is the ability of the molecules to possess net surface 

charges as a function of pH. BA would more easily lose a proton 

at the pKa of the amines to have a net negative charge and bind 

to a cationic resin surface, whereas melamine would be more 

easily protonated on its amines and bind to an anionic surface. 

The authors have also used HPLC to obtain very high-purity 

compounds. Sometimes, flash chromatography is used for the 

initial purification of the crude reaction mixture, followed by the 

use of HPLC for the separation of any closely eluting molecules. 

The authors report HRMS in the BMP/MMP case; however, it 

might be beneficial to provide detailed information about the 

fragmentation conditions used for the analysis, so that it aids 

folks who might want to replicate or adapt the protocol.

The authors used CD to study the base-pairing phenomenon. 

While XRD or NMR give more detailed structural information, CD 

is a relatively quick technique providing more flexibility with sol-

vents, temperatures, pH, and ionic strength of the samples. CD 

can be used to obtain signature curves of nucleic acids arising 

from secondary structures. 167 Molecular dynamic simulation 

could also be used to some degree in predicting secondary 

structure phenomena of nucleic acids (see part 2, ‘‘molecular 

modelling and simulations’’). 7,168

As one can see, analysis is a bottleneck in experimental OoL, 

and thus we hope that this review helps any new-comer to compre-

hend the challenges and develop approaches that can improve our 

understanding of complex prebiotic chemical networks, often 

termed as dirty reactions. This section (and the review), in general, 

does not intend to show a fixed method to solve analytical barriers, 

but its intent is to demonstrate how these analytical tools are used 

in OoL to understand and study reactions.

The experimental techniques outlined here have been used 

extensively in OoL research in recent decades. Having an oper-

ational understanding of them can help OoL scientists under-

stand and contextualize experimental results, possible sources 

of error, and alternative interpretations of data. As with all sci-

ence, there may be new experimental techniques that will domi-

nate the field in the coming years, but these are the primary sour-

ces of empirical data to date.

DATABASES IN OoL

Characterizing the mysterious sample with which your advisor 

provided you will be no easy task. As you may have noticed in 

‘‘experimental techniques for studying the origin of life,’’ many
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experimental approaches require reference spectra, standards, 

or other information to be useful. Much of this information is 

housed in online databases. In some cases, these databases 

are new or recently developed, such as the Open Reaction Data-

base (ORD). Many tasks in OoL research are feasible or easier 

only if some relevant databases are readily available. For 

example, proteomics and metabolomics would not be possible 

without databases like MassBank and U.S. National Institute of 

Standards and Technology (NIST). 169,170 Similarly, inferring 

possible sequences of ancient or even prebiotic proteins re-

quires databases of protein sequences in various microbes. Un-

derstanding the data that are already available to you will help 

you understand your sample better and help you craft analyses 

with the appropriate controls. Thanks to the development of 

many techniques described in ‘‘experimental techniques for 

studying the origin of life’’ and other efforts of previous re-

searchers, there are already multiple online databases that 

may help you achieve your specific OoL research goals.

Note that most of the databases were not developed to solve 

problems in OoL; for example, chemists developed some reac-

tion databases fitting the needs of chemical engineering instead 

of prebiotic chemistry research. Not until recently did re-

searchers start to develop databases dedicated to specific 

OoL problems (e.g., the Astrobiology Habitable Environments 

Database [AHED] 171 ). In addition, some OoL research goals 

may require data that are still beyond what modern techniques 

can achieve (e.g., reaction rate constants of thousands of reac-

tions under prebiotically plausible environments). Therefore, 

many of the most popular databases lack the metadata and 

context required to unambiguously characterize key processes 

involved in the OoL. Large chemical databases can give the 

misleading impression that they contain information about the 

most relevant compounds; however, the space of chemical 

compounds is vast, and the space of chemical reactions is far 

larger, even without considering different experimental or envi-

ronmental parameters.

Despite limitations, various databases have proven useful in 

OoL research in recent years, such as multiple works that will 

be mentioned in part 2, and emerging trends. 7 Here, we review 

these databases and highlight how they have been used in the 

context of OoL. We have broken these into two broad cate-

gories: (1) physical and chemical databases that contain data 

that may or may not be relevant to Earth’s biochemistry, and 

(2) biochemical and biological databases that contain informa-

tion relevant to Earth’s biochemistry, including biochemical re-

actions, gene sequences, and protein structures.

Physical and chemical databases

Access to large-scale, standardized physical and chemical data 

can help build theoretical models of abiogenesis, identify candi-

date experimental systems for synthesizing biomolecules and 

life-like molecular systems, locate missing links in research para-

digms, and predict environmental conditions that may better 

facilitate OoL and more. Databases of chemical species and re-

actions can be roughly categorized into two types: databases 

of experimentally confirmed reactions and databases of rule-

based (or algorithm-generated) reactions (see part 2, ‘‘chemical 

thermodynamics, kinetics, and networks: chemical reaction net-

works’’ for more information about reaction network generation 7 ). 

In this section, we focus on general physical-chemical data not 

linked to specific living organisms. For chemical data linked to 

living organisms, see ‘‘biochemical and biological databases.’’ 

Some physical and chemical databases used in OoL research 

are summarized in Table 3. These databases were used in tasks, 

such as comparison between computationally generated li-

braries of molecules and databases of empirically confirmed 

molecules and detecting autocatalytic cycles among abiotic 

reactions.

To algorithmically generate molecular structures, there are 

multiple software tools available, including MolGEN (closed 

source), 173 OMG (open source), 174 and Surge (open source). 175 

Rule-based/algorithmically generated reaction databases are 

currently rare; however, one example is the AllChemy data-

base. 176 The AllChemy database is a partially open-access data-

base generated by machine-learning algorithms (requires regis-

tration; some of the features mentioned in the publication are not 

available through the online portal). Another example is MØD, 

which provides a software package for graph-based cheminfor-

matics that can be used to generate a rule-based reaction 

network by specifying a set of reaction rules. 177 To learn more 

about these methods, see part 2 ‘‘Chemical thermodynamics, ki-

netics, and networks: Chemical reaction networks.’’ 7

Biochemical and biological databases

Biochemical and biological data are primarily composed of 

genomic sequences, the enzymes encoded in those sequences, 

and the molecules and reactions implicated by those enzymes. 

Sequence databases can contain experimentally confirmed or 

computationally predicted metadata. For example, in UniProt, a 

star indicates if the descriptions of a protein have been manually 

curated or just inferred computationally; the latter occurs when a 

protein sequence matches another in the database that has been 

experimentally characterized. 178 Other types of data include 

experimental standard measurements for identifying known me-

tabolites or enzyme structure databases to map protein se-

quences to plausible structures and functions. 179–181

Following extensive work on the functional annotation of ge-

nomes and linking enzymology and genomics, large-scale 

biochemical databases that include both biological and 

biochemical data have arisen; for example, the Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) 182 has been used exten-

sively to investigate the origins of early metabolic networks 183,184 

(for more detail on these, see part 2 Chemical thermodynamics, 

kinetics, and networks and molecular phylogenetics 7 ). However, 

the annotations of compounds and reactions are often not 

detailed enough, and therefore, current biochemical databases 

are often insufficient for detailed explorations of the biochemical 

space. For example, it is often unclear if a reaction is one-step or 

multi-step and, in some cases, a multi-step reaction and its cor-

responding single-step reactions all have records in the data-

base, which creates duplicates. In other cases, the distinction 

between reactants, reagents, and catalysts is unclear, reactions 

are not mass-balanced and/or lack stoichiometric information, 

and different chemical species share the same name (e.g., 

starch and glycogen). Kinetic data are almost always absent, re-

action conditions (pH, temperature, salts, and buffers) are mostly
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missing or expressed in non-compatible formats (poor meta-

data), and often the phase of a chemical species involved in 

the reaction is not specified. In the case of rule-based/algo-

rithm-generated datasets, the reliability of predictions about 

what reactions are possible may not be high, and measures of 

uncertainty are lacking. All of these problems are worse when 

we consider chemical reactions not included in modern 

biochemistry, many of which may be relevant for understanding 

prebiotic chemical processes or understanding the structure of 

biochemistry by comparing it to alternative possibilities. Never-

theless, one should keep in mind that the lack of data could be 

largely because techniques of our time are still not advanced 

enough to obtain that data and not because developers were un-

willing to include that data.

However, advances have been made with what is available 

today. The KEGG database has been filtered for reactions from 

anaerobic prokaryotes, potentially closer to primordial meta-

bolism. 184,185 In a similar manner, the MetaCyc database has 

been manually filtered for core metabolic reactions to recon-

struct a prebiotically plausible autotrophic metabolism. 186

The location, references, and other useful information of mul-

tiple databases of biological and biochemical data commonly

used in OoL research are summarized in Table 4. These data-

bases were used in multiple tasks, such as reconstructing 

ancient metabolic networks, inferring the structure of ancient 

proteins, and exploring the origin of translation machinery. 183,184

CONCLUSIONS

The analytical foundations of OoL research draw on mature tech-

niques from biology, geochemistry, and analytical chemistry, 

many of which are now broadly accessible to experimentalists 

entering the field. Adapting these methods to abiotic, prebiotic, 

or synthetic biological systems remains challenging and often re-

quires time-intensive protocol development. However, existing 

literature and databases provide valuable templates for acceler-

ating progress. Importantly, no single technique can capture the 

full complexity of any given material or process—there is no one-

size-fits-all tool for molecular characterization. For this reason, 

complementary approaches and multimodal analyses are 

essential for reliable detection and interpretation. Yet, the diver-

sity of data types and analytical workflows continue to challenge 

cross-disciplinary integration. Establishing shared standards for 

data quality, accessibility, and reproducibility will be essential for

Table 3. Examples of physical and chemical databases commonly used in OoL of life research

Database name Website Contents Notes OoL use cases

Reaxys reaxys.com chemical compounds, 

materials, reactions, 

patents, and 

bibliographic information

commercial license 

sometimes ‘‘reactants’’ 

and ‘‘reagents’’ are not 

rigorously distinguished, 

and some reaction 

equations are not 

balanced

Cleaves et al. 164

U.S. National Institute of 

Standards and 

Technology (NIST) 

Standard Reference Data 

(SRD)

nist.gov/srd collection of databases; 

spectral, 

thermochemical, 

physical, and structural 

properties for chemical 

compounds; and kinetic 

and thermodynamic data 

for chemical reactions

49 free SRD databases 

and 41 fee-based SRD 

databases

Schrimpe-Rutledge 

et al. 83 ; Tang et al. 172

CHEMnetBASE chemnetbase.com collection of interactive 

databases and 

dictionaries for chemical 

species, e.g., CRC 

Handbook of Chemistry 

and Physics

commercial license 

interactive features (e.g., 

visualization tools, 

customizable 

workspace)

–

CAS database cas.org/cas-data/cas-

reactions

single- and multi-step 

reactions

yield data, detailed 

reaction conditions, 

defined substance roles, 

and experimental 

procedures.

commercial license –

Open Reaction Database 

(ORD)

open-reaction-database.

org

chemical reactions, 

reactants, products, 

catalysts, conditions, 

and yields, along with 

experimental procedures 

and observations

open access –
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connecting empirical results to the theoretical frameworks that 

seek to explain them. The methodologies summarized here pro-

vide the empirical foundation upon which predictive and compu-

tational models—discussed in part 2 7 —can be built to bridge the 

observation with theory in the quest to understand how life 

emerges from nonlife.
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pathways and biomolecules
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Misra et al. 201
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3. Peretó , J., Bada, J.L., and Lazcano, A. (2009). Charles Darwin and the 

origin of life. Orig. Life Evol. Biosph. 39, 395–406.

4. Aydinoglu, A.U., and Tas ‚kın, Z. (2018). Origins of Life Research: a Biblio-

metric Approach. Orig. Life Evol. Biosph. 48, 55–71.

5. Preiner, M., Asche, S., Becker, S., Betts, H.C., Boniface, A., Camprubi, 

E., Chandru, K., Erastova, V., Garg, S.G., Khawaja, N., et al. (2020). 

The Future of Origin of Life Research: Bridging Decades-Old Divisions. 

Life 10, 20.

6. Lane, N., and Xavier, J.C. (2024). To unravel the origin of life, treat find-

ings as pieces of a bigger puzzle. Nature 626, 948–951.

7. Asche, S., Bautista, C., Boulesteix, D., Champagne-Ruel, A., Mathis, C., 

Markovitch, O., Peng, Z., Adams, A., Dass, A.V., et al. (2026). OoLEN. 

What it takes to solve the Origin(s) of Life: An integrated review. Part 2– 

Theoretical methods and emerging trends. Cell Rep. Phys. Sci. 7, 

103211. https://doi.org/10.1016/j.xcrp.2026.103211.

8. Bienz, S., Bigler, L., Fox, T., and Meier, H. (2021). Spectroscopic 

Methods in Organic Chemistry (Georg Thieme Verlag KG (Stuttgart)). 

https://doi.org/10.1055/b000000049.

9. Perkins, W.D. (2020). Sample Handling in Infrared Spectroscopy—An 

Overview. Practical Sampling Techniques for INFRARED ANALYSIS 

(CRC Press (UK)), pp. 11–53. https://doi.org/10.1201/9781003068044-2.

10. Connor, M.C., and Shultz, G.V. (2021). Problem Solving Using NMR 

and IR Spectroscopy for Structural Characterization in Organic 

Chemistry. In Problems and Problem Solving in Chemistry Education 

(The Royal Society of Chemistry), pp. 166–198. https://doi.org/10. 

1039/9781839163586-00166.
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