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Lightning-driven plasma bubbles provide prebiotic
synthesis and biogeochemical cycling

The prebiotic synthesis of life molecules has always been a
crucial process in the origin of life. This study proposes for
the first time that the plasma bubbles formed by lightning
strikes on a liquid surface can simultaneously synthesize
various life molecules, such as amino acids and bases.
These bubbles may serve as a potential “cradle” for the
evolution of life molecules.
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Lightning—sea interactions generate plasma bubbles that act as
electrochemical reactors, producing amino acids, nucleobases,
and peptides with yields 100—-300% higher than spark discharges.
This process accelerates carbon-nitrogen coupling and enhances
biogeochemical cycling, linking CO, and NH; to bioavailable
organic compounds.

The origin of life and the evolution of its key biochemical
components are deeply intertwined with Earth’s early atmo-
spheric conditions and biogeochemical cycles. Since Miller’s
landmark contribution in 1953, extensive research has
explored the origin of prebiotic building blocks under diverse
conditions.®™® Currently, most studies focus on synthesizing
individual prebiotic molecules, while one-pot synthesis of
multiple components remains a major challenge in under-
standing life’s emergence on early Earth.

Lightning, a key driver of prebiotic chemistry on early Earth,
likely provided energy for atmospheric reactions, promoting
the formation of amino acids and other organic compounds, as
recent studies suggest."' "> Furthermore, a significant portion
of early Earth’s surface was covered by liquid environments,
where lightning strikes likely generated bubbles. This gas-
liquid plasma environment could have provided a highly reactive
microenvironment, promoting the synthesis of complex organic
molecules.'®"

Based on this, plasma bubbles from lightning-sea interactions
may have played a key role in prebiotic chemistry, creating
a high-reactivity environment that accelerates organic molecule
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synthesis, similar to early Earth processes. Our previous work*$?

demonstrated that CO, plasma bubbles can produce organic
acids and long-chain hydrocarbons at high yields, further sup-
porting the idea of plasma bubbles as a potential “cradle” for
prebiotic molecular formation. Recent advances in electrified and
plasma-assisted gas-liquid interfaces have shown that non-
equilibrium microenvironments can dramatically enhance C-N
coupling and molecular complexity, in both material synthesis
and sustainable chemical production.’*> Our lightning-driven
plasma bubbles represent a prebiotic analogue of such systems,
where similar interface effects are harnessed to generate amino
acids and nucleobases from CO,/NH; mixtures.

Here we developed a plasma bubble discharge system to
simulate lightning strikes on the ocean (Fig. 1A and Fig. S1, S2).
By applying negative DC voltage and introducing NH; and CO,,
we replicated early Earth conditions. Micropores at the reactor
base promote plasma bubble formation (Fig. 1B), creating an
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Fig. 1 (A) Schematic diagram of the plasma bubble system, designed to
simulate the phenomenon of lightning striking the sea, with NHz and CO,
used to represent the coexistence of oxidizing and reducing atmospheres.
(B) A transient image of the plasma bubbles captured by a high-speed
camera. (C) Plasma bubble chemistry induced by lightning.
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environment for prebiotic biomolecule synthesis via gas-liquid
plasma chemistry (Fig. 1C).

J. David Felix’s estimates of substantial NH;/NH," fluxes
from Archean-like hydrothermal systems®® and the experi-
mental demonstration by Gao et al. that Fe-rich rock-water
interactions can efficiently generate NH; from nitrate together
suggest that ammonia could have been locally abundant on the
early Earth,?* which motivated our use of an NH;/CO,=1:1 gas
mixture to simulate a nitrogen-rich prebiotic atmosphere-
ocean interface.

LC-MS analysis identified 12 amino acids and 3 canonical
nucleobases (Fig. 2A and Fig. S3-S16, S38, Table S1). MS/MS
analysis identified Gly-Gly, with the m/z of [M + H]" 133.0608
and Gly diketopiperazine (DKP), with the m/z of [M + H]'
115.0503 (Fig. 2B), suggesting that under early Earth conditions,
plasma bubbles could facilitate the formation of amino acids,
peptides, and cyclic peptides. This one-pot reaction, producing 12
amino acids, peptides, DKP, and three nucleobases, is unprece-
dented. To evaluate how early Earth conditions affected prebiotic
synthesis, we systematically analysed the impact of lightning
discharge intensity and gas flow rate on biomolecule production
(Table S2). Notably, the gas flow rate governs the size of bubbles in
the discharge reactor (Fig. S17). Smaller micro- and nano-bubbles
provide a greater interfacial area and longer lifetime, enhan-
cing the generation of reactive species. Recent studies on
electrospark-induced bubble rupture confirm that discharge
fragmentation produces micro/nano-bubbles that act as highly
efficient electrochemical micro-reactors.”> The promoting
effect is therefore most pronounced for bubbles ~100 um
in diameter. With quantitative analysis performed using stan-
dard concentration curves (Fig. S18-S21), the observed
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Fig. 2 Products analyzed after plasma discharge. The bar heights are
derived from the same relative LC—MS signal categories as Table S2 (after
normalization), ensuring a consistent use of “relative intensity” throughout.
(A) Relative abundance of the amino acids and nucleobases produced in
the plasma bubble system. For the same type of product (amino acid or
nucleobase), the product with the highest signal strength in that type after
discharge is set to 1. (B) MS/MS profile of the solution after discharge,
verifying the formation of Gly,, cyclo-Gly, and Gly.
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concentration gradient (Gly, 0.4 nM > Ala, 0.15 nM > Asn,
0. 04 nM > Glu, 0.02 nM) suggests preferential formation of
smaller, less polar amino acids under the simulated early Earth
conditions. We also assessed the effect of varying voltages
(3-5 kV) on product formation, finding minimal impact on
the synthesis of the same product (Table S2). And it was found
that the discharge temperature at different voltages increased
proportionally with time (Fig. S22). Further research has shown
that the yield of Gly decreased continuously as the concen-
tration of NH; decreased, revealing that the NH;-rich condition
is important for amino acid formation (Fig. S23). This might be
because NH; can provide a reducing environment, which is of
great significance for the chemical synthesis of life molecules.
The emergence of life likely involved the interaction and sym-
biosis of various molecular species, rather than the evolution of
a single substance, the simultaneous synthesis of multiple
amino acids and nucleobases under these conditions provides
a key insight into the molecular interactions that may have
driven the co-evolution of life’s building blocks.>¢™°

To highlight the superiority of plasma bubbles in synthesiz-
ing life-building blocks, we compared them with needle plasma
discharge environments, both plausible in lightning scenarios.
Fig. S24 shows that plasma bubbles significantly outperform
needle plasma in product formation, with glycine levels more
than three times higher in bubble plasma. This enhancement is
likely due to spark discharges within gas bubbles, providing a
large surface area and promoting efficient NH;-CO, reactions.
Our previous work demonstrates that plasma bubbles create an
optimal gas-liquid interface, enhancing the generation and
transfer of active particles.’*3*

The emergence of biomolecules from non-living matter has
long been a research focus. However, the direct transition from
inorganic gases to functional peptides or cyclic peptides
(e.g, cyclic-Gly,) remains rare. Here we demonstrate the pre-
biotic synthesis of dipeptides and cyclic dipeptides from inor-
ganic gases and explore the reactivity of the 20 proteinogenic
amino acids in a plasma bubble environment, proposing a
novel pathway for amino acid conversion to polypeptides on
early Earth. Furthermore, we explored the reactivity of amino
acids in the plasma bubble system. As shown in Fig. 3, 106
dipeptides were detected, with amino acids such as Gly, Leu,
Val, Gln, and Ile—likely present on early Earth—forming the
corresponding dipeptides. Higher-order peptides, including a
hexamer (Glys) (Fig. S25), were also observed. These results
highlight the plasma bubble system’s role in the study of life’s
molecular origins, particularly in polypeptide formation.

To further explore the reaction mechanism, we first utilized
optical emission spectroscopy (OES) to detect the reactive
species during the underwater discharge process of (CO,/
NH;) gas bubbles. The results are presented in Fig. 4A. The
results showed that excited hydroxyl (OH) radicals, atomic
oxygen (O), and H radicals were generated in CO,/NH; plasmas.
The formation of OH emissions from the transition of A*’Z* —
XTI (Av = 0) at 309 nm and H, emissions at 656 nm mainly
comes from the electron impact dissociations (H,O +e~ — H +
OH + e”) at the plasma-water interface.*” The O emission at
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Fig. 3 Profile of the detected possible dipeptides through bubble and
Ar plasma starting from a 20 amino acid mixture (deep blue = determined
with high-sensitivity mass detection, blue = detected by HR-MS but
sharing the same molecular weight with other possible isomers (isobaric
dipeptides) and therefore not individually confirmed by MS/MS, light blue =
not detected). Amino acids are indicated according to the one-letter
abbreviation.
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Fig. 4 Mechanism Exploration. (A) Optical emission spectrum of the NHz/
CO, plasma discharge. (B) *H NMR and **C NMR profile of the solution
after discharge, verifying the formation of formamide. (C) The influence of
formamide addition on the prebiotic building blocks formation.

777 nm, corresponding to the oxygen atom transition of O
(2s*2p*3s-2s>sp’3p), was visible due to the energetic collisions
of electrons with H,O molecules (H,0 +e~ — 2H + O + e ).%*
In addition, it shows different bands indicating the various
reactions and excitation substances produced during the
decomposition of CO, and NH; in the plasma environment.
For CO, plasma discharge, the emission spectra show signifi-
cant electronic transitions of the CO," and CO Angstrom band,
which are key intermediates in plasma-induced CO, decom-
position reactions.*® Among them, CO may play an important
role in the subsequent formation of reactive molecules in the
reaction process. For NH; plasma discharge, the characteristic
emission peaks of the NH group were observed between 330
and 400 nm, indicating that NH; underwent dissociation,
which is related to the electronic excitation and recombination
of the nitrogen-hydrogen bonds.** Notably, the CN radical was
observed at 359 nm and 388 nm, indicating the coupling of CO,
and NH;. The CN species could play an important role in the
subsequent plasma synthesis of nucleobases.*®
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Formamide formation was confirmed via NMR and GC-MS
(Fig. 4B and Fig. S26), suggesting its role as a key precursor for
amino acid and nucleobase synthesis, as proposed by Ferus,
Bada, and Saitta et al. To investigate the chemical pathways of
formamide synthesis and its role in amino acid and nucleobase
formation, DFT calculations and chemical kinetic simulations
were combined with experimental results. Product synthesis
was most efficient at the gas-liquid interface (discharge at the
bubble-water interface), as compared to needle plasma dis-
charge (Fig. 2C). We propose the following reaction pathways:
(i) CO, dissociation forms CO and O (Fig. 4A); (ii) CO reacts
with OH and H from H,O dissociation to form formic acid
(HCOOH) (Fig. S27); (iii) HCOOH then reacts with NH, radicals
to form formamide (HCONH,) (Fig. 4B); (iv) Amino acids and
canonical nucleobases are subsequently generated from form-
amide. DFT calculations show that CO reacts with H,O, over-
coming a 30 kcal mol " energy barrier, while HCOOH formed
from CO and H,O reacts with NH; to overcome a 59 kcal mol !
barrier, predicting fast kinetics under plasma bubble discharge
conditions (Fig. S28).

Based on these findings, we propose a chemical mechanism
for converting inorganic gases into prebiotic building blocks
in a plasma bubble environment (Fig. 5). The reaction kinetics
in the NH3;-CO, plasma bubble system reveal formamide
(HCONH,) as a key prebiotic intermediate, with its formation
occurring in two phases. During the rapid formation phase
(0-0.4 s), high fluxes of radicals and small molecules drive
formamide synthesis through CO-NH; coupling and a
HCOOH-derived pathway. Formamide concentration peaks at
~107%-10""* em® before declining due to hydrolysis and
competition from nitrogenous by-products. Formamide’s tran-
sient accumulation highlights its potential as a precursor for
nucleobases and amino acids (Fig. 5C and D).>”*® For example,
amino acids via Strecker synthesis, consistent with the amino
nitrile species observed in our mass spectrometry analysis
(Fig. S29-S34), additional experiment (Fig. S35) and previous
reports,®*™" further confirmed the reaction pathway, support-
ing lightning-induced reactive environments as plausible dri-
vers of early biomolecular synthesis. These amino acids can
then further polymerize to form peptides, as demonstrated in
this study. Regarding nucleobases, formamide dissociates to
generate CN, which subsequently undergoes a series of reac-
tions to form nucleobases, with uracil being derived from
cytosine.”> Taken together with previous studies,**™** our
results highlight the key role of formamide in prebiotic chem-
istry: in the plasma-bubble system, it serves both as a direct
precursor to nucleobases and other organics and as a transient
reservoir of C-N species in a lightning-activated CO,/NH;
atmosphere-ocean setting. All of the above underscores the
role of non-equilibrium plasma dynamics, where transient
radical fluxes and competing pathways govern the synthesis
and stability of life’s building blocks.

In summary, the abiotic origin of life’s molecular precursors
on early Earth necessitates efficient pathways for biomolecule
synthesis and polymerization. This study shows that lightning-
induced plasma bubbles serve as high-energy geochemical

This journal is © The Royal Society of Chemistry 2026
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reactors, enabling rapid synthesis of amino acids (12 types),
RNA nucleobases (3 types), urea, biuret (Fig. S36 and S37) and
oligopeptides at gas-liquid interfaces. Simulated plasma dis-
charges in NH3/CO, atmospheres generate reactive nitrogen
and carbon species (e.g., CN, NH,, CO), driving formamide-
mediated Strecker synthesis and HCN oligomerization. These
processes produce biomolecules within minutes, surpassing
conventional methods (Table S3). By bypassing thermodynamic
barriers via non-equilibrium plasma excitation, the system
concurrently synthesizes nucleobases and amino acids. This
plasma-mediated pathway completes a critical biogeochemical
cycle, converting atmospheric CO, and NH; into bioavailable
organic compounds. Whilst such high abundances of NH; may
not have been uniformly present in primordial Earth’s atmo-
sphere, geochemical and photochemical flux studies indicate
that substantial local or episodic NH; inputs were plausible,
thereby supporting the relevance of investigating NH;/CO,
mixtures. In this context, our 1:1 NH3/CO, mixture should be
interpreted as a model system to probe fundamental plasma-
driven prebiotic chemistry. Moreover, ammonia-rich settings
have been widely proposed for several icy bodies in the outer
solar system—including Enceladus, Titan, Triton, and Pluto—
where NH;-H,O or NH;-CO,-H,0 ices and vapour phases
are thought to have co-existed. Observational, experimental,
and thermochemical modelling studies provide substantial
evidence for the presence and chemical importance of ammo-
nia in these environments.*®™*® In this broader astrochemical
context, our 1:1 NH,/CO, mixture is therefore best interpreted
as a model system designed to probe fundamental plasma-
driven nitrogen-carbon coupling chemistry. The identified

This journal is © The Royal Society of Chemistry 2026

mechanism positions atmospheric electrical discharges as a
key driver in early Earth’s surface-atmosphere exchanges,
complementing existing prebiotic synthesis paradigms.
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