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Sarah L. Keller 

Department of Chemistry 
 

My research addresses the problem of how the first cells assembled from non-living material in the early 

Earth environment by testing whether putative components of the first cells could have assembled 

within evaporating lakes on the early Earth. Evaporation concentrates dissolved solutes, potentially 

converting chemical precursors into the membranes and biopolymers of the earliest cells. The first cell 

membranes may have been composed of fatty acids, and I have characterized plausible sources of 

membrane-forming fatty acids on the early Earth. The first peptides may have been formed during 

evaporation and subsequent dehydration of lakes filled with environmentally available amino acids, and 

I have shown that fatty acid membranes do not inhibit peptide formation during dehydration. I have also 

shown that these fatty acid membranes retain their encapsulated contents in salty water following 

partial evaporation from the lake; however, complete dehydration disrupts encapsulation by the 

membranes. Additionally, I have shown that fatty acid membranes retain encapsulated contents when 

exposed to cold temperatures below the membrane melting transition; cold temperatures are beneficial 

during the synthesis of RNA genomes. All of the work above, which has been published in academic 

journals, appears in Chapters 1 through 4 of this dissertation. In Chapter 5, I describe unpublished 

findings about RNA assembly and membrane encapsulation in natural carbonate lakes, modern analogs 

for locations that may have enabled the origin of life on early Earth. I have also described unpublished 

observations using size-exclusion chromatography of fatty acid vesicles that I hope will facilitate future 

research in this area. Taken together, my dissertation research results support the hypothesis that 

membranes and biopolymers developed together into the first cells within evaporating lakes on the 

early Earth. 
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Introduction 
 

 How did non-living components of the early Earth environment (e.g. water, minerals, organic 

molecules, and energy) assemble into the first life? Geological evidence from the Moon suggests that 

Earth formed during a sterilizing impact ~4.5 billion years ago, and terrestrial fossils suggest that Earth 

has been inhabited by microbial life since at least ~3.7 billion years ago (1). The origin of life on Earth 

marks the transition from sterile planet to living planet, and this process is one of the most glaring gaps 

in our understanding of the Earth’s history. It is important that the scientific community fill this gap by 

demonstrating a plausible synthesis of life from environmentally-available components. Additionally, 

research into the origin of life on Earth informs our search for alien life elsewhere in the universe. By 

investigating the natural assembly of cellular life from non-living material, we could design synthetic 

cells that supply us with useful products or act as medical therapies. Finally, origin of life research boosts 

public engagement with science in a unique way. For all of these reasons, I have chosen to write my 

dissertation about the origin of life on Earth. 

 Because life on modern Earth consists mostly of cells, my research has focused on the synthesis 

of the earliest cells. Just like modern cells, the earliest cells may have consisted of biopolymers 

encapsulated within a membrane compartment. The membranes of the earliest cells may have been 

composed of fatty acids, which were likely available on the early Earth environment (Chapter 4). 

Meanwhile, formation of biopolymers such as RNA and peptides may have been restricted to specific 

Earth environments, such as evaporating lakes. I have investigated whether the presence of membranes 

allows biopolymer formation during dehydration (Chapter 1), and whether partial or full dehydration 

disrupts encapsulation by the membrane (Chapter 2). I have also tested whether membranes can 

function within cold environments that could have enabled the synthesis of RNA genomes (Chapter 3). 

Finally, I have shown that natural carbonate lakes provide compatible conditions for RNA assembly and 

membrane encapsulation. Taken together, my dissertation research is consistent with the hypothesis 

that membranes, peptides, and RNA could have assembled into the earliest cells within cold, 

evaporating lakes on the early Earth. 

 

Reference: 

1) Ohtomo Y, Kakegawa T, Ishida A, Nagase T, Rosing MT. 2014. Evidence for biogenic graphite in 

early Archaean Isua metasedimentary rocks. Nat. Geosci. 7: 25-8.
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Chapter 1:  

Prebiotic membranes and micelles do not inhibit peptide formation 
during dehydration 

 
*This chapter was first published in ChemBioChem in 2021. It was written in collaboration with Brennan 
L. Kessenich, Avijit Hazra, Julia Nguyen, Richard S. Johnson, Michael J. MacCoss, Gojko Lalic, Roy. A. 
Black, and Sarah L. Keller. 

 

Abstract 

 Cycles of dehydration and rehydration could have enabled formation of peptides and RNA in 

otherwise unfavorable conditions on the early Earth.  Development of the first protocells would have 

hinged upon colocalization of these biopolymers with fatty acid membranes. Using atomic force 

microscopy, we find that a prebiotic fatty acid (decanoic acid) forms stacks of membranes after 

dehydration.  Using LC-MS-MS (liquid chromatography-tandem mass spectrometry) with isotope 

internal standards, we measure the rate of formation of serine dipeptides. We find that dipeptides form 

during dehydration at moderate temperatures (55°C) at least as fast in the presence of decanoic acid 

membranes as in the absence of membranes. Our results are consistent with the hypothesis that 

protocells could have formed within evaporating environments on the early Earth. 

 

Main text 

 Two requirements for the origin of life on Earth are 1) formation of biopolymers (e.g. RNA and 

proteins) from environmentally available precursors, and 2) co-localization of those polymers with 

membranes to form the first protocells1,2.  At first glance, these requirements appear incompatible. At 

moderate temperatures below 100°C, condensation reactions (which convert amino acids into peptides) 

are thermodynamically unfavorable in water3,4. Above 100°C, these reactions occur (albeit at low yields 

~1%)5,6, but prebiotic membranes composed of short chain fatty acids become unstable7. 

 



Chapter 1, Main text 

 9 

 

Figure 1: Schematics of the experiments described in this paper. We use atomic force microscopy to 
show that dried vesicles assemble into membrane stacks (A) whereas dried micelles assemble into 
ribbons (B). Separate experiments measure formation of dipeptides (C). In Step 1, monomers (10 mM 
serine-ethyl-ester) were mixed with fatty acids that either formed membranes (decanoic acid) or did not 
(heptanoic acid). In Step 2, the dispersions were dried and held at 55°C so that dimers formed. In Step 3, 
the dimers were rehydrated, and then treated with NaOH, which cleaved ethyl-esters and linearized 
cyclic dipeptides. Isotope-labeled internal standards were added prior to analysis by LC-MS-MS. 

 

 One way to resolve this problem is to alternate between wet and dry conditions (Fig 1), as might 

have occurred within evaporating lakes or ponds on the early Earth8,9. Dehydration at moderate 

temperatures has been shown to convert amino acids into peptides10, and dehydrated membranes have 

been shown to re-assemble upon rehydration11. This raises an interesting question: if fatty acid 

molecules are added to amino acid solutions undergoing evaporative cycles, do the fatty acids act as 

spectator molecules or do they enhance (or hinder) biopolymer formation? Is the rate of dipeptide 

production from amino acids enhanced in the presence of fatty acid membranes? Similar questions have 

previously been asked for membranes of phospholipids, which are less likely to have been available on 

the early Earth (but are convenient to use in experiments). Previous researchers found that nucleotides 

adopt orientations that are favorable for polymerization12 and that they oligomerize within stacks of 

dehydrated phospholipid membranes13, but that amino acids polymerize into peptides more slowly in 

the presence of dry phospholipid membranes14. 
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Figure 2. Atomic force micrographs show that dehydrated vesicles assemble into membrane stacks. 
When aqueous dispersions of 50 mM decanoic acid vesicles are dried on mica substrates at room 
temperature, membrane stacks appear (A), along with ribbons (Fig 3A). Control dispersions of 1 mM 
phospholipid (DOPC) vesicles produce only stacks (B). Height profiles of the stacks (C-D, measured along 
the white lines in A and B) show discrete steps, consistent with membrane stacks. The pH of decanoic 
acid and phospholipid dispersions before dehydration was 6.8 and 7.3 respectively. 

 

 Here, our focus is on fatty acid membranes at moderate temperatures. The membranes of the 

earliest protocells were likely composed of fatty acids15 that were delivered to Earth via meteorites16 or 

synthesized locally via Fischer-Tropsch17 or sparking reactions18. First, we test whether dehydration of 

solutions containing fatty acid vesicles (dispersions) produces oriented stacks of membranes as in 

phospholipid systems. Our experiments incorporate two types of fatty acids: decanoic acid and 

heptanoic acid. Decanoic acid’s longer chain of 10 carbons enables it to self-assemble into membranes 

(as well as wormlike micelles)19, whereas the shorter, 7-carbon chain of heptanoic acid precludes 

membrane formation20. 
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Figure 3. Atomic force micrographs show that dehydrated micelles assemble into ribbons. Decanoic acid 
vesicles are always in equilibrium with micelles28, so dried dispersions of 50 mM decanoic acid vesicles 
produce ribbons (A) in addition to membrane stacks (Fig 2A). Control dispersions of 50 mM heptanoic 
acid, which form micelles and not vesicles, produce only ribbons (B). Magnification reveals that ribbons 
are bundles of wormlike micelles (C). The schematic highlights the boundaries for each wormlike 
micelle, which are typically ~6 nm in diameter (D). The pH of decanoic acid and heptanoic acid 
dispersions before dehydration was 6.8. 

 

 Our atomic force micrographs show that decanoic acid dispersions dry in two morphologies, 

membrane stacks (Fig 2A) and ribbons (Fig 3A). We find regions of either membrane stacks or ribbons 

within the same dehydrated sample. The membrane stacks are characterized by stepped mesas (Fig 2C). 

Similar mesas assemble in the positive control of dried phospholipid membranes (Fig 2B, 2D). Mesas 

have been observed previously in hydrated phospholipid membranes21-25, and in dry layers of fatty acids 

that have been collected by dipping a mica substrate through a Langmuir-Blodgett monolayer26. Step 

heights in Fig 2 roughly correspond to heights of hydrated phospholipid membranes measured by 

atomic force microscopy21-25. We observed similar results with decanoic acid when serine-ethyl-ester 

(the monomer in our tests for dimerization) was included in the dispersion, as shown in Fig S14-15 of the 

Supporting Information (SI). Ribbons appear (Fig 3A) in addition to the membrane stacks (Fig 2A) in the 

dried samples of decanoic acid, and ribbons alone appear in a dried heptanoic acid sample (Fig 3B). The 

ribbons are composed of bundles of wormlike micelles (Fig 3C-D), consistent with other micellar 

systems27. 
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Figure 4. The rate of dipeptide formation after dehydration of 10 mM serine-ethyl-ester at 55°C is at 
least as high in the presence of decanoic acid (membrane) as in the presence of heptanoic acid (no 
membrane).  The percent yield of serine dipeptide (sum of linear and cyclic forms) is shown as a 
function of time after complete dehydration, for periods of 0 to 24 hours. Horizontal lines indicate the 
average, and open symbols show all data points.   

 
 
 Our central question is whether dried fatty acid membranes affect the rate of dipeptide 

formation from serine-ethyl-ester. We find that the rate of dipeptide formation is at least as high in the 

presence of dried membranes as in the absence of membranes (Fig 4). Serine itself is prebiotically 

plausible because it could have been delivered to Earth by meteorites29, or synthesized via sparking 

reactions30. Additionally, serine binds to fatty acid vesicles, resulting in membrane stabilization31. We 

modified serine with a C-terminal ethyl ester because it has been well-established that ethyl or 

adenylate esters enable room-temperature reaction with another amino acid to form a dipeptide32, 

whereas unmodified amino acids require dehydration at high temperatures above 90°C for peptide 

formation10. This work with amino acid esters also provides further reason to focus on serine: amino 

acid esters react with the amine of serine to form dipeptides more efficiently than they react with 14 

other amino acids33. Amino acid esters (i.e. aminoacyl-tRNAs) are used to form peptides and proteins in 

all modern organisms. Amino acids activated with esters are also prebiotically plausible because they 

form when hydroxy acids (which are found in meteorites34) are dried in the presence of amino acids35. 

 We measured the production of dipeptides following dehydration of 10 mM serine-ethyl-ester 

with 50 mM decanoic acid or 50 mM heptanoic acid. We used liquid chromatography to deliver the 

products to a tandem mass spectrometer (Fig S1). Although we were not able to fully separate 

dipeptides from tripeptides and single amino acids (Fig S3), tandem mass spectrometry creates a 

“fingerprint” of fragments that uniquely identifies the dipeptides (Table S1). High-accuracy 

quantification by mass spectrometry requires calibration with isotope-labeled internal standards (Fig 

S4). We synthesized isotope-labeled dipeptides (SI section 1), and purchased isotope-labeled serine and 
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tripeptides (Fig S2). We could not procure standards for cyclic dipeptides, so we linearized any cyclic 

dipeptides by adding NaOH prior to analysis by LC-MS-MS. Our NaOH treatment simultaneously cleaved 

any remaining ethyl-esters (Fig S6-S7), while retaining linear dipeptides (instead of cleaving them into 

single amino acids, Fig S9). After the base treatment, we used the LC-MS-MS procedure to measure the 

total amount of linear dipeptide relative to the isotope internal standard. 

 We find that the rate of dipeptide formation is at least as high when the sample contains 

decanoic acid (which forms membranes) as when the sample contains heptanoic acid (which does not 

form membranes). The presence of fatty acids does not have a significant effect on the yield of 

dipeptide after 6 hours of dehydration: in the absence of fatty acids, we estimate 11.5% yield when the 

initial pH is 7 (Fig S12) compared to 12.0% and 6.1% in the presence of decanoic acid and heptanoic acid, 

respectively (Fig 4). Although our measurements do not distinguish linear and cyclic dipeptides, both 

compounds can elongate into growing peptide chains36. In our experiments, we detect very low yields 

(<1%) of serine tripeptides (Fig S11). 

 We minimized potential artifacts, such as variation in the rate of drying of decanoic acid 

dispersions versus heptanoic acid dispersions, by drying samples quickly under N2 gas. Under these 

conditions, no detectable dipeptide forms until samples are completely dehydrated. We found a slight 

difference in the pH of the rehydrated decanoic acid sample compared to the heptanoic acid sample, 

and we confirmed that the difference is too small to affect our results (Fig S12, Table S3). We observed a 

decrease in total serine residues, both with and without membranes (Fig S11).  

 Additional cycles of dehydration and rehydration have been shown to increase both the yield 

and maximum length of peptides37. Peptide formation is one of many reactions that proceed most 

effectively in dehydrated or partially dehydrated conditions13, 38, so future work will determine whether 

membranes change the rates of these other reactions. It will also be interesting to determine whether 

formation of peptides by alternative mechanisms (such as activation with hydroxy acids35, ligation of α-

aminonitriles39, or salt-induced ligation of amino acids40) will be affected by membranes. 

 In conclusion, we show that peptide formation from activated amino acids is fully compatible 

with the presence of fatty acids, whether as membranes or as wormlike micelles. Peptide formation in 

the presence of dried membranes would be expected to facilitate encapsulation of the peptides by 

vesicles upon rehydration, as has been shown for RNA oligomers41. Our results are consistent with the 

hypothesis that amino acids, peptides, and membranes could have co-localized into protocells within 

evaporating pools on the early Earth. 
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Experimental section 

Materials 
 Serine-ethyl-ester hydrochloride and serine were purchased from Sigma-Aldrich (St. Louis, MO). 
Linear dipeptide, cyclic dipeptide, and the tripeptide were purchased from Bachem (Bubendorf, CH). 
Isotope-labeled serine (3C13 + N15) was from Cambridge Isotope Labs (Tewksbury, MA), isotope-labeled 
(2C13) tripeptide was from New England Peptide (Gardner, MA), fatty acids (heptanoic acid and 
decanoic acid) were from Nu-Chek Prep (Elysian, MN), and dioleoylphosphatidylcholine (DOPC) lipids 
were from Avanti Polar Lipids (Alabaster, AL). The procedure for synthesis of isotope-labeled linear 
dipeptide is presented in the SI (Section 1). 0.2 µm Nylon filters were purchased from Thermo Fisher 
Scientific (Hanover Park, IL). Stock solutions of serine-ethyl-ester were made by dissolving solid serine-
ethyl-ester hydrochloride to 0.5 M in H2O. Stock dispersions of fatty acids were made by dissolving solid 
fatty acid to 0.18 M in 0.19 M NaOH, followed by gentle heating. 
  
Conversion of serine-ethyl-ester into peptides after dehydration 
 Samples containing 10 mM serine-ethyl-ester, 20 mM PIPES buffer (pKa=6.8), and 50 mM fatty 
acid (either heptanoic acid or decanoic acid) were prepared by diluting the components from stock 
solutions. pH was adjusted to 7.00 (± 0.03) by the addition of concentrated HCl or NaOH. (Some 
experiments were run at pH 6.83, and similar results were obtained (Fig S13)). Sample dehydration was 
a multi-step process. In the first step, 200 µL aliquots of the sample were distributed to individual test 
tubes, which were maintained at 55°C under a stream of N2 for 1 hour. Next, the mass of each test tube 
and sample was measured, and the test tubes were returned to 55°C under a stream of N2 for an 
additional 0.5 hour. Final mass measurements of each test tube and sample confirmed that there were 
no detectable changes in mass (within ± 0.5 mg), so the samples were deemed dehydrated and the 
“clock” of the experimental time was set at 0 hours. Test tubes containing dehydrated samples were 
maintained in a heat block at 55°C for varying times, after which the sample was rehydrated with 200 µL 
H2O, allowed to sit at room temperature for 1 hour, then vortexed vigorously to resolubilize dried 
material. Independent experiments were performed on separate days. 
  
Sample preparation for liquid chromatography-tandem mass spectrometry (Fig S5) 
 After rehydration and vortexing, 100 µL of each sample was immediately mixed with 4 µL of 
NaOH solution (final NaOH concentration 0.192 M) and held at 50°C for 2 hours. This base treatment 
cleaved any ethyl-esters to generate serine monomers, dipeptides, and tripeptides with free carboxyl 
termini. The base treatment simultaneously linearized any cyclic dipeptides so they could be quantified 
during tandem mass spectrometry via comparison to an isotope internal standard. Figs S6-S10 of the SI 
validate this procedure. 
 Base-treated samples were diluted 1:20 in a 0.1% (m/m H2O) heptafluorobutyric acid solution 
containing 250 µM isotope-labeled serine and 50 µM isotope-labeled linear dipeptide. For samples in 
which the tripeptide concentration was measured, 0.5 µM isotope-labeled tripeptide was included. The 
diluted sample was mixed with HCl solution (final HCl concentration 15 mM) to induce aggregation of 
fatty acids, and the fatty acid aggregates were removed by filtration with a 0.2 µm Nylon filter. 
 
Procedure for liquid chromatography-tandem mass spectrometry 
 Samples were analyzed on a Vantage triple quad mass spectrometer (Thermo Fisher Scientific, 
Hanover Park, IL) using a Nanoaquity HPLC system (Waters Corporation, Milford, MA), and a Waters 
ACQUITY UPLC M-Class HSS T3 Column (100 Å, 1.8 µm, 300 µm X 100 mm) operated at 25°C. Solvent A 
was an aqueous solution of 0.1% acetic acid and 0.02% heptafluoro-butyric acid (HFBA). Solvent B was 
acetonitrile with 0.1% acetic acid and 0.02% HFBA. Samples were loaded at 5 µl/min for 2 min followed 
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by a gradient of 0-25% solvent B over 15 min, then 25-100% solvent B over 5 min. Collision energies and 
target fragment ions were chosen for serine, linear dipeptide, tripeptide, and the isotope-labeled 
internal standards (Table S1). Chromatograms for each ion were integrated in the program Skyline42 
(Seattle, WA), which created an output file that listed the normalized area (total ion count/total ion 
count for isotope standard) in a CSV format (Fig S1). 
 
Conversion to concentration units via calibration curve 
 Each compound was dissolved in water to 10 mM, then serially diluted to desired 
concentrations. 100 µL solutions were mixed with NaOH solution (final NaOH concentration 0.192 M) 
and heated for 2 hours at 50°C. The base-treated sample was diluted 1:20 in a solution containing 0.1% 
(m/m H2O) heptafluorobutyric acid, 250 µM heavy isotope serine, and 50 µM heavy isotope dipeptide. 
For samples in which tripeptide concentrations were measured, 0.5 µM heavy isotope tripeptide was 
included. Finally, the diluted sample was mixed with HCl solution (final HCl concentration 15 mM). 
Independent experiments were performed on separate days. 
 
Atomic Force Microscopy  
 Aqueous 50 mM heptanoic acid or decanoic acid samples were adjusted to pH 6.80 (±0.03) by 
addition of aqueous HCl or NaOH. Under these conditions, heptanoic acid self-assembles into micelles, 
and decanoic acid into both vesicles and micelles. Aqueous 1 mM DOPC dispersions were prepared by 
adding water to a dried lipid film, sonicating, then adjusting pH to 7.31 by addition of aqueous HCl or 
NaOH. Under these conditions, DOPC self-assembles into vesicles. A 3 μL droplet of sample was placed 
on a freshly-cleaved mica substrate and allowed to dry 1-2 hours before imaging. All AFM images were 
acquired in tapping mode in air on a Cypher ES (Asylum Research, Goleta, CA) with AC240TS cantilevers.  
Height profiles were measured with the software Gwyddion43 (Brno, Czech Republic). No attempt was 
made to correct for edge overshoot due to hysteresis in the piezo, seen in Fig 3A44. 
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Supplementary information 

Section I: Synthesis of isotope internal standard for the linear serine dipeptide 

 
 

 
 
A 20 mL round bottom flask (RB) was charged with a stir bar, isotope serine (ser*), (0.5 mmol, 
1.0 equiv, 54.5 mg), and sodium bicarbonate (1.1 mmol, 2.2 equiv, 9.2 mg).  A 1:1 mixture of 
dioxane/water (1.5 mL) was added to the RB to make the concentration of ser* 0.3 M. Boc-
anhydride (0.55 mmol, 1.1 equiv, 120.2 mg) was added slowly to the mixture. The mixture was 
allowed to stir for 12 h, after which the solvent was evaporated under a vacuum. The residue 
was dissolved in ethyl acetate (10 mL) and washed with water (10 mL, washed twice). The 
organic layer was collected and set aside. The aqueous layer (10 mL X 2) was collected and 
acidified with 5% HCl solution in water until the pH reached 3. The aqueous layer was 
extracted with ethyl acetate (20 mL, extracted twice) using a 100 mL separatory funnel. All the 
organic layers were combined, dried over anhydrous Na2SO4, filtered to get rid of the Na2SO4, 
and concentrated under vacuum to give 90.9 mg of the desired boc-ser* in 87% yield. The 
sticky, colorless semisolid was used in the next step without further purification.  

 

 
 
A 50 mL RB was charged with a stir bar, boc-ser* (0.43 mmol, 1.0 equiv, 90.9 mg), and ser-
ethyl-ester.HCl (0.5 mmol, 1.1 equiv, 84.6 mg). Dry dichloromethane (DCM) was added to 
make the concentration of boc-ser* 0.1 M. The mixture was stirred at 0oC for 10 minutes in an 
ice bath. 1-Ethyl-3-(3ʹ-dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCl 0.86 mmol, 
2.0 equiv, 167.2 mg), hydroxybenzotriazole (HOBt, 0.86 mmol, 2.0 equiv, 116.2 mg) and N-
ethyldiisopropyl amine (1.29 mmol, 3.0 equiv, 166.8 mg) were added, in that order. The ice 
bath was taken off, and the mixture was stirred overnight at room temperature. After 
12 hours, water (20 mL) was added to the reaction mixture, and the mixture was extracted 
with DCM (20 mL, extracted twice) using 100 mL separatory funnel. The organic layers were 
combined, dried over anhydrous Na2SO4, filtered to remove the Na2SO4, and concentrated 
under vacuum. Silica gel column (hexane/ethyl acetate were the eluent) chromatography 
provided the product boc-ser*-ser-ethyl-ester in 70% yield (96.4 mg). 
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A 20 mL RB was charged with a stir bar and LiOH.H2O (0.45 mmol, 1.5 equiv, 18.9 mg). A 
mixture of solvents MeOH/H2O (3:1, 4 mL), and boc-ser*-ser-ethyl-ester (0.3 mmol, 1.0 equiv, 
96.4 mg) were added to the to the RB and stirred for 4 hours at room temperature. After 4 
hours, the solution was acidified to pH 2 with a saturated aqueous solution of citric acid. The 
mixture was extracted with ethyl acetate (20 mL, extracted thrice). The organic layers were 
combined and dried over Na2SO4, filtered to remove the Na2SO4 and concentrated under 
vacuum to give the desired product Boc-ser*-ser-OH as a highly viscous and hygroscopic oil in 
quantitative yields (88.2 mg). The product was used in the next step without further 
purification.  

 

 
 
Boc-ser*-ser-OH (0.3 mmol, 1.0 equiv, 88.2 mg) was taken in a vial and stirred with 4 M HCl in 
dioxane (1 mL) for 4 hours. Following that, dioxane was evaporated and crashed with hexane. 
The product was purified with silica gel column chromatography using methanol as the 
eluent. The eluent was collected, evaporated under vacuum, and isolated as a viscous liquid in 
95% yield (54.6 mg). The product was characterized by liquid chromatography and tandem 
mass spectrometry.  
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Section II: Quantitative liquid chromatography-tandem mass spectrometry (LC-MS-MS) with isotope 
internal standards 

 

 

Figure S1: Procedure to measure the concentration of serine, linear serine dipeptides, and serine 
tripeptides. For simplicity, the scheme depicts analysis of only the linear serine dipeptide; all target 
compounds and internal standards (Fig S2) were analyzed in parallel during a single LC-MS-MS run. 
Calibration curves were generated as described in the experimental section of the main text. 

 

 

Figure S2: Molecular structures for the target compounds and internal standards that were analyzed by 
LC-MS-MS.  Red asterisks indicate the position of heavy isotopes (either carbon-13 or nitrogen-15).   
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Table S1: Precursor and fragment m/z, and collision energies for target compounds and internal standards. 

Target 
compound 

Target compound Internal standard 

Precursor 
m/z 

Fragment 
m/z 

Collision 
energy (V) 

Precursor 
m/z 

Fragment 
m/z 

Collision 
energy (V) 

Serine 106.0 42.0 26 110.0 45.0 26 

106.0 60.0 13 110.0 63.0 13 

Linear Serine 
dipeptide 

193.1 60.0 18 197.0 63.0 18 

193.1 106.0 15 197.0 106.0 15 

Serine 
tripeptide 

280.0 60.0 34 282.0 60.0 34 

280.0 147.0 19 282.0 147.0 19 

280.0 175.0 13 282.0 176.0 13 
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Figure S3: Representative LC-MS-MS chromatograms show that target compounds co-elute with their 
corresponding isotope internal standards. Samples contain the following target compounds: A) 10 mM 
serine, B) 5 mM linear serine dipeptide, C) 50 µM serine tripeptide.  All samples contain the same mixture 
of internal standards: 5 mM isotope serine, 1 mM isotope linear serine dipeptide, and 10 µM isotope 
serine tripeptide. The total “intensity” is calculated by summing the intensities of all individual fragment 
ions.  The normalized area is the ratio of the areas under the chromatogram for the target compound and 
internal standard. Dashed grey lines indicate the integration region for each pair of compounds. 
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Figure S4: Calibration curves used to convert normalized areas into concentrations for the 
following target compounds: A) serine, B) linear serine dipeptide, C) serine tripeptide. These data 
were also used to validate the base treatment procedure (Fig S6 and S9). 

  

A B 

C 
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 Table S2: Estimated limits of detection for each target compound. 

Target compound Limit of detection (mM) 

Serine 0.466 

Linear Serine dipeptide 0 

Serine tripeptide 0 

 

Limits of detection for target compounds were found using the calibration data in Fig S4 and the 
following method: 

1) For samples with 0 mM of the target compound, the mean (mean0) and standard deviation 
(std0) of the normalized areas were found. 

2) For samples with 2.5 mM of the target compound, the standard deviation (std2.5) of the 
normalized area was found. 

3) The normalized area that corresponds to the limit of detection (T) is calculated by the 
method of Armbruster and Pry (1): 

T = mean0 + 1.645 std0 + 1.645 std2.5 
4) The limit of detection in units of normalized area was converted to units of mM by looking 

up the corresponding value in Fig S4. 
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Section III: Validation of sample preparation procedure prior to LC-MS-MS 

In order to validate the procedure for base treatment (Fig S5 Step1), we demonstrate three important 
results: 

1) During base treatment, serine-ethyl-ester is converted into serine with nearly 100% yield (Fig S6-S7). 
Based on this result, we assume that peptide-ethyl-esters are converted into peptides with free C-
termini in similarly high yield. 

 
2) During base treatment, <1% of serine-ethyl-ester is converted into serine dipeptides. Based on this 

result, we assume that additional amide bonds are not formed during base treatment (Fig S8). 
 
3) At maximum, 6.3% of serine dipeptides are cleaved into serine monomers during base treatment 

(Fig S9). This value is obtained by measuring the concentration of serine monomers in control 
standards of linear serine dipeptide after base treatment. The value of 6.3% is an upper estimate 
because the standard may have contained some serine monomer. A value of 6.3% does not change 
the conclusions in the main text. For example, in the experiments in Figure 4 of the main text, even 
if the total yield of dipeptides in the “No Membrane” sample is 6.3% higher before base treatment 
(6.5% yield instead of 6.1% yield six hours after dehydration), we still conclude that the rates of 
dipeptide formation are similar in the presence or absence of membranes. 

 

4) During base treatment, cyclic dipeptides are converted into linear dipeptides with at least 78% yield 
(Fig S10). Because cyclic dipeptides are converted into linear dipeptides during base treatment, we 
cannot determine the ratio of the linear and cyclic dipeptides generated during dehydration. 
Instead, our measurements of linear dipeptide concentration correspond to the sum of the linear 
dipeptides generated during dehydration, and at least 78% of the cyclic dipeptides generated during 
dehydration (minus any dipeptide that is cleaved as in the previous paragraph). 
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  Figure S5: Procedure for preparation of samples prior to analysis by LC-MS-MS. 
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Figure S6: During treatment with base, all serine-ethyl-esters are converted into serine, as shown in the 
reaction. Two different tests were run. The first had initial concentrations of 10 mM serine-ethyl-ester 
and 50 mM heptanoic acid (left column). The second had initial concentrations of 10 mM serine-ethyl-
ester and 50 mM decanoic acid (middle column). A control containing 10 mM serine was used for 
comparison (right column). All test samples and control samples were treated with base (with no 
dehydration). After the treatment, the concentration of serine cleaved from the ethyl ester was 
measured. The serine concentrations from both tests correspond to the control. 
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Figure S7: Verification that the concentration of NaOH used in the main text to cleave ethyl esters 
(0.192 M) is well above the minimum concentration required for complete conversion of serine-
ethyl-ester into serine. Two different tests were run. The first had initial concentrations of 10 mM 
serine-ethyl-ester and 50 mM heptanoic acid (triangles). The second had initial concentrations of 
10 mM serine-ethyl-ester and 50 mM decanoic acid (circles). A control containing 10mM serine 
was used for comparison (squares). After treatment with the base, the concentration of serine 
cleaved from the ethyl ester was measured. The concentrations of serine produced from mixtures 
of 10 mM serine-ethyl-ester and fatty acids match the measured concentration of 10 mM serine 
at all NaOH concentrations except 0 M.  
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Figure S8: Without dehydration, conversion of serine-ethyl-esters to dipeptide (as in the reaction 
shown at the top) gives less than 1% yield of dipeptide. Two different tests were conducted. The 
first had initial concentrations of 10 mM serine-ethyl-ester and 50 mM heptanoic acid (1st 
column). The second had initial concentrations of 10 mM serine-ethyl-ester and 50 mM decanoic 
acid (2nd column). 

  



Chapter 1,  Supplementary information 

 30 

 

 

Figure S9: At maximum, only 6.3% of dipeptides are converted into serine amino acids when 
treated with NaOH. Two different tests were conducted. The first had initial concentration of 5 mM 
linear dipeptide (1st column). The second had initial concentration of 5 mM cyclic dipeptide (2nd 
column). The effect of converting 6.3% of dipeptides into amino acids is small in the context of our 
main results. For example, in the absence of dipeptide cleavage, we would detect a maximum 6.5% 
yield of dipeptides in the “No membrane” experiments 6 hours after dehydration (Figure 4), rather 
than the 6.1% yield that we report in the main text. 
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Test 

 

 

 

             Cyclic dipeptide           Linear dipeptide 

 

                                  

Figure S10: At minimum, 78% of cyclic dipeptides are converted to linear dipeptides during 
treatment with NaOH. These values do not vary strongly with the initial concentration of cyclic 
dipeptide. The remaining 22% of cyclic dipeptides are undetectable by LC-MS-MS, and create an 
upper bound for the experimental uncertainty in the percent yield of dipeptide. This uncertainty 
does not affect the central result that dipeptide formation is at least as fast in the presence of 
decanoic acid versus heptanoic acid. 
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Section IV: The total concentration of serine residues is not conserved throughout dehydration 

 

        

Figure S11: The total concentration of serine residues detected by LC-MS-MS decreases with time, 
following complete dehydration. The total concentration of serine residues = 1 x (the 
concentration of serine amino acids) + 2 x (the concentration of dipeptides) + 3 x (the 
concentration of tripeptides). The rate of decrease is similar for the “No Membrane” (heptanoic 
acid) and “Membrane” (decanoic acid) samples. Experiments 1 and 2 were independent. It is not 
known if the missing serine is consumed in an unknown side reaction or if it is irreversibly bound 
to the glass surface of the test tube. 
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Section V: Changes in pH are too small to affect rates of dipeptide formation 

 In order to confirm that pH did not change significantly upon dehydration, we measured the pH 
in both the “No Membrane” and “Membrane” samples under identical conditions: after dehydration at 
55°C, 6 hours of incubation at 55°C in the dehydrated state, and then rehydration (Table S3).  

 

Table S3: pH shifts slightly after a process of dehydration, incubation at 55°C for 6 hours, rehydration. 

 Without membrane 

(50 mM heptanoic acid) 

With membrane 

(50 mM decanoic acid) 

pH before dehydration 6.95 6.99 

pH after 6 h of dehydration 

(and subsequent rehydration) 

7.09 6.85 

 

 In Table S3, the largest shift in pH is only 0.24 units. In order to determine if this shift could 
significantly affect the rate of dipeptide formation, we measured dipeptide yield over a large range of 
pH values, as shown in Fig S12 below. Fatty acids were not included in these experiments. 

 

Figure S12: Percent yield of dipeptides from 10 mM serine-ethyl-ester following dehydration and 
6 hours incubation at 55°C (in the absence of fatty acids), as a function of the solution’s pH before 
dehydration.  

 

 Based on the linear fit to the data in Fig S12, the largest increase in pH in Table S3 (from pH 6.85 
to 7.09) would correspond to a decrease in dipeptide yield of only 2.2% (from 12.8% to 10.6%). Thus, the 
rate of dipeptide formation in the presence of membranes is at least as fast as the rate without 
membranes, even when changes in pH are accounted for.  
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Section VI: Peptide formation at different initial pH values 

          

Figure S13: Measurements of dipeptide % yield (left) and the percent of initial serine monomers 
remaining (right) for experiments at an initial pH of 6.83. Similar trends are observed in the 
original experiments (Fig 4 of main text, and Fig S11) which differ in two specific ways: 1) 
originally the initial pH was 6.83 instead of 7.00, and 2) the concentration of NaOH used during 
the base treatment step was 0.146 M rather than 0.192 M. For the “Membrane” group, data are 
from three independent experiments. For the “No membrane” group, data are from two 
independent experiments. Lines indicate the average, and open symbols show all data points. 
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Section VII: Dehydrated decanoic acid vesicles form membrane stacks and ribbons in the presence of 
serine ethyl ester. 

 

Figure S14: AFM image of ribbon morphology produced upon dehydration of a solution of 50 mM 
decanoic acid vesicles + 10mM Serine-ethyl-ester (pH 6.83). 

 

 

Figure S15: (Left) AFM image of stacks produced upon dehydration of a solution of 50 mM 
decanoic acid vesicles and 10 mM serine-ethyl-ester (pH 6.83). (Right) The height of the stacks 
(measured along the white line in the AFM image) changes in discrete steps. Unlike figures in the 
main text, the “facet levels” parameter was adjusted during analysis of this image to account for 
artifacts that arose because the AFM tip was constrained within a deep pit. 

 

Section VIII: References 
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Chapter 2:  

Prebiotic protocell membranes retain encapsulated contents during 
flocculation, and phospholipids preserve encapsulation during 

dehydration 

 
*This chapter was first published in Langmuir in 2022. It was written in collaboration with Caitlin E. 
Cornell, David C. Catling, Roy. A. Black, and Sarah L. Keller. 

 

Abstract 

 The first cell membranes were likely composed of single chain amphiphiles such as fatty acids. 

An open question is whether fatty acid membranes could have functioned within evaporative lakes on 

the early Earth, which have been hypothesized to concentrate prebiotic reactants. Evaporation also 

concentrates monovalent salts, which in turn cause fatty acid membrane vesicles to flocculate; 

significant loss of encapsulated contents during flocculation would have impeded early cell evolution. 

Here, we tested whether fatty acid vesicles retain encapsulated contents after flocculation and after 

drying. We found that vesicles composed of 2:1 decanoic acid: decanol encapsulate calcein dye 

throughout a process of flocculation in saturated salt solution and subsequent disaggregation of vesicles 

by dilution of the salt. However, 30-minutes of complete dehydration disrupted encapsulation by fatty 

acid vesicles. In contrast, phospholipid vesicles maintained encapsulation. Our results reveal a selective 

pressure for protocells to incorporate phospholipids: while fatty acid membranes can retain 

encapsulated contents during periods of dilute and saturating salt, phospholipids are necessary for 

encapsulation during dry periods. Our results are consistent with the hypothesis that evaporative lakes 

were productive sites for prebiotic chemistry and the origin of cells. 

 

Main text 

 Compartmentalization is necessary for cells. It allows genetic material to be sequestered and 

metabolite concentrations to be regulated. The earliest protocells were likely separated from their 

environment by a membrane of fatty acids1 that were delivered to Earth via meteorites2 or synthesized 

locally via Fischer-Tropsch3 or sparking reactions4.      
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 A protocell is typically depicted as a single vesicle enclosing an interior solution5–7, as in Fig 1a. If 

the vesicle is made of fatty acids, it is stable over a limited range of solution pH values within about half 

a unit of the effective pKa of the fatty acids8. If too many fatty acids are charged, only micelles form. If 

no fatty acids are charged, an oil forms. Even if the pH is conducive to forming vesicles, those vesicles 

can aggregate into “flocs” (Fig 2a) if the solution has high salt concentration9. Flocculation occurs when 

monovalent cations from the salt screen the negative charges on fatty acids, eliminating electrostatic 

repulsion between vesicles10.  

 Salty water would have been common on the early Earth, so flocculation of fatty acid vesicles 

has traditionally been viewed as an obstacle to protocell development1,11. Geological evidence suggests 

that the origin of life on Earth probably occurred before 3.7 Gya12,13 and that exposed land would have 

been present at that time14. When lakes or ponds form in closed basins (i.e. with no outflow) on terrain 

made of volcanic rock (i.e. basalt, as expected on the early Earth14,15), the water becomes enriched in 

dissolved carbonate. The inorganic carbon is derived from atmospheric CO2 that dissolves in rainwater 

and then in streams or groundwater to form carbonic acid, which is consumed by reacting with minerals 

in the catchment rocks, thereby raising the pH and releasing cations that are mainly charge-balanced by 

bicarbonate16. Closed-basin lakes transiently experience saturating salt concentrations during 

evaporative cycles17–20. Evaporative, carbonate-rich lakes are appealing sites for the origin of cells 

because they can concentrate phosphate and ferrocynanides19,20, making them productive sites for 

prebiotic syntheses that require phosphate, nitriles, or dehydration21–23. Therefore, it is worth re-

evaluating whether salt-induced flocculation is detrimental. Here we tested whether flocculation 

prevents vesicles from performing their central role of encapsulating soluble material. 

 

 
Figure 1. (a) Sketches of a vesicle and amphiphile, and (b) structures of prebiotic amphiphiles showing 
the hydrogen bonding (red dashes) required for bilayer formation. 
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 We produced vesicles from plausibly prebiotic amphiphiles: decanoic acid (DA), decanol (DOH), 

and glycerol-mono-decanoate (GMD), shown in Fig 1b. Glycerol-monoesters like GMD reduce 

flocculation at moderate (< 0.6 M NaCl) but not high salt concentrations11, as do nucleobases24 and 

amino acids25. We flocculated vesicles with sodium bicarbonate (NaHCO3) and sodium chloride (NaCl), 

which dissociate into monovalent ions. We did not include divalent cations in our experiments because 

divalent cations are kept to relatively low concentrations in natural carbonate-rich lakes due to 

precipitation of calcium, magnesium, or iron carbonates26. On the early Earth, such buffering by 

carbonate insolubility would keep divalent cations at low (< 2 mM) saturation concentrations19,20. 

Consequently, the relevant aqueous chemistry is dominated by sodium carbonate and chloride, which 

are highly soluble and can become concentrated during evaporation19. In the presence of low 

concentrations of divalent cations (< 3 mM), fatty acid vesicles maintain encapsulation of small 

molecules (nucleotides) over long time scales (> 24 hours)27. 

 

Figure 2. Increasing the concentration of amphiphile does not prevent vesicle flocculation in saturated 
NaHCO3 solution. (a) Schematic: in a fatty acid solution, aqueous dye appears in the lumens of 
flocculated vesicles (1), in single vesicles (2), or free in solution (3). Flocculated vesicles cannot be 
detected by size-exclusion chromatography (SEC) because their low density prevents them from 
entering the SEC resin. Single fatty acid vesicles of 4:1:1 DA:DOH:GMD remained dispersed at low salt 
(b-c) and flocculated in saturated salt (d-e). Images show fluorescence micrographs taken before SEC 
with a hydrophobic dye that labels membranes (rhodamine 6G). Graphs show SEC chromatograms, 
which assay larger volumes than micrographs. At low salt concentration (b-c), images and SEC confirm 
that single vesicles remained dispersed throughout the solution.  In saturated salt solution (d-e), only 
flocculated vesicles appeared in the images, and SEC confirmed that no single vesicles remained. 
Increasing the concentration of amphiphile did not prevent vesicle flocculation in saturated NaHCO3 

solution. To optimize imaging (which did not change the results) the sample in panel e was diluted 1:1 
with SEC running buffer. Scale bars are 50 µm. 
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 Vesicles flocculated in saturated salt solution, independent of whether they were made of fatty 

acids or phospholipids. For example, vesicles of 4:1:1 DA:DOH:GMD flocculated in saturated NaHCO3, 

independent of the fatty acid concentration (Fig 2). Even when the concentration of amphiphile was 

increased (as would occur during dehydration), vesicles still flocculated when the NaHCO3 became 

saturated (Fig 2e).  No vesicles escaped flocculation, independent of whether the sample was evaluated 

by fluorescence microscopy or by size-exclusion chromatography (SEC). The composition 4:1:1 

DA:DOH:GMD was chosen because those vesicles are more stable than vesicles of 2:1 DA:DOH28. 

Phospholipid vesicles of 95:5 DOPC:DOPG flocculated under the same salt conditions (Fig S1-S2).  

 Our central question is whether flocculation disrupts encapsulation of solutes by fatty acid 

vesicles. We prepared vesicles of 2:1 DA:DOH encapsulating calcein dye as a proxy for prebiotic 

molecules (Fig 3). We found that the dye remained in the vesicle lumens throughout a two-step cycle of 

flocculation in high salt and dispersal in low salt. This result held independent of whether flocculation 

was achieved with saturated NaHCO3 or with saturated NaCl.  Surprisingly in light of previous work, 

glycerol-mono-decanoate was not required for membrane stability11. Because calcein is a relatively small 

molecule, we can be confident that flocculated vesicles are also impermeable to larger molecules like 

ribozymes. 

 

Figure 3. Fatty acid vesicles composed of 2:1 DA:DOH maintained encapsulation of an aqueous dye 
(calcein) throughout a process of salt-induced flocculation and subsequent dispersal. Immediately after 
adding salt, the vesicles flocculated; after 1 hr, the salt was diluted. Encapsulation was maintained 
independent of which saturated salt (~1.2 M NaHCO3 or ~6.1 M NaCl) was used to induce flocculation. 
The dye that labeled vesicle membranes (rhodamine 6G) was added immediately prior to imaging. To 
optimize imaging (which did not change the results), we varied the preparation or treatment of samples 
in two ways. First, the samples shown in the left columns (the initial vesicles) and at the top right (after 
dilution from saturated NaHCO3) were diluted 1:3 with SEC running buffer prior to imaging. Second, in 
the bottom row, flocculated vesicles in NaCl encapsulated a low (0.5 mM) initial calcein concentration to 
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prevent self-quenching, whereas vesicles before and after flocculation encapsulated 5 mM calcein 
initially. More discussion of this issue, and corresponding wide-field images are in the SI (Fig S3-S9). 

 

 In addition to our qualitative results from imaging, we verified quantitatively that the rate of dye 

leakage is not faster from flocculated vesicles than from dispersed vesicles (Fig 4).  We encapsulated a 

self-quenching concentration of carboxyfluorescein in vesicles; an increase in fluorescence indicated 

leakage into the surrounding solution. We flocculated the vesicles with saturated NaHCO3 or saturated 

NaCl. We did not observe leakage of the dye on the timescale (~ 3 h) of the experiment. As a positive 

control, we artificially achieved total leakage by disrupting the vesicles with Triton-X-100. We used 

microscopy to confirm that vesicles flocculated in these saturated salt conditions (Fig S12). 

 

Figure 4. Single vesicles (low salt: 100mM NaHCO3) and flocculated vesicles (saturated salt) 
encapsulated a dye on long time scales (>3 hours).  Vesicles composed of 2:1 DA:DOH were formed in a 
solution with a self-quenching concentration (20 mM) of carboxyfluorescein dye. Unencapsulated dye 
was removed by SEC. Fluorescence intensity increased when the dye leaked out of vesicles and 
decreased when the dye photobleached. At each time point, the same two aliquots were assayed. In 
one, vesicles were intact (filled symbols). In the other, vesicles were disrupted with Triton-X-100, leading 
to total release of the dye (open symbols). At the last timepoint, the intact vesicles were also disrupted 
with Triton-X-100 (arrows). Triton-X-100 did not affect the fluorescence (Fig S10). We observed that 
carboxyfluorescein fluorescence varies with the type and concentration of salt (Fig S10-S11); calcein 
fluorescence is also known to be quenched by some divalent cations29. Error bars are standard 
deviations of two independent experiments. When error bars are not shown, they are smaller than the 
symbols. 

 

 The challenge of predicting whether flocculation of membranes will lead to leakage of vesicle 

contents underscores the importance of our measurements. Flocculation of vesicles will result in vesicle 

rupture if adhesion between vesicles generates tensions that exceed the lysis tension (~ 5-10 mN/m for 

phospholipid membranes)30. Tension also favors the formation of pores in membranes31, which can lead 

to loss of vesicle contents. Previous work focused on vesicles of phospholipids, and showed that they 

remain intact during salt-induced flocculation32. Compared to phospholipid membranes, fatty acid 
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membranes might be expected to have higher densities of hydrophobic defects, which are a precursor to 

pore formation31. However, it is difficult to predict whether fatty acid membranes are uniformly more 

susceptible to pore formation than phospholipid membranes because the packing of fatty acids is 

sensitive to their charge, which may be different at the membrane surface than in solution33. Pore 

formation in a single membrane is stabilized when each leaflet of the membrane has a positive 

spontaneous curvature31, as expected for fatty acid membranes near a micelle transition. On the other 

hand, at low pH, the addition of fatty acids to phospholipid membranes imparts a negative spontaneous 

curvature and a high bending rigidity34. 

 

Figure 5. Vesicles of fatty acids (4:1:1 DA:DOH:GMD, top) and phospholipids (95:5 DOPC:DOPG, bottom) 
initially encapsulated an aqueous dye (calcein). After 30 minutes of dehydration and 60 minutes of 
rehydration, fatty acid vesicles were visible with a mem-brane dye, but they no longer encapsulated the 
aqueous dye (top right micrograph). In contrast, after the same dehydration cycle, phospholipid vesicles 
still encapsulated the aqueous dye (bottom right micrograph). In all samples, the dye that labeled vesicle 
membranes (rhodamine 6G) was added immediately prior to imaging. Corresponding wide-field images 
are in the SI (Fig S13-S19).  Scale bars are 10 µm. 

 

 Our results above imply that fatty acid-based protocells could have survived salt-induced 

flocculation during an evaporative cycle, but what if the evaporation were complete? We found that fatty 

acid vesicles lost the ability to encapsulate calcein dye within 30 min of dehydration, even when glycerol-

mono-decanoate was incorporated to provide additional stability (4:1:1 DA:DOH:GMD) (Fig 5). After 

rehydration, dried fatty acids reassembled into vesicles, and the encapsulated solution had a similar dye 

concentration to the exterior solution. After the dye was removed from the exterior solution by SEC, the 

encapsulated solution again appeared brighter (Fig S16).  Our observations with decanoic acid vesicles are 
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consistent with a report that only about 1% of encapsulated calcein is retained during dehydration of oleic 

acid vesicles35 (although oleic acid is unlikely to have been present on the prebiotic Earth because natural 

abiotic synthesis has not been observed). The presence of sugars in the prebiotic environment could have 

improved retention upon formation of a glassy precipitate36. 

 In contrast to fatty acid vesicles, phospholipid vesicles retained encapsulated calcein after 30 min 

of dehydration and rehydration (Fig 5). Based on previous studies, the amount of retained dye may 

decrease as dry periods become longer37. The ability of dried phospholipid vesicles to re-encapsulate the 

bulk solution during rehydration had previously been demonstrated38. Before the emergence of 

phospholipids, cycles of dehydration and rehydration would have induced mixing between protocells, 

which may have been a primitive mechanism for exchanging genetic material.  Incorporation of 

phospholipids could have provided an advantage to individual protocells by preserving their encapsulated 

contents. 

 When vesicles of fatty acids flocculate in saturated solutions of monovalent salts, they maintain 

encapsulation of dye molecules as well as dispersed vesicles do. In contrast, prebiotically plausible 

coacervates are disrupted in relatively dilute NaCl solutions (250 mM), although they can reassemble after 

complete dehydration and rehydration to sequester charged polymers39. Within dynamic lake 

environments that experience dehydration and rehydration on diurnal or seasonal timescales40, fatty acid-

based vesicles may have grown and divided during periods when the salt concentration was low, and then 

retained their contents despite flocculation during periods of high salt concentration. 

 While fatty acid vesicles do not retain encapsulated material through periods of complete 

dehydration, we show that phospholipid vesicles can. Taken together, our results are consistent with the 

hypothesis that evaporating pools on Earth’s surface were conducive to protocell development, and not 

an obstacle as previously thought. 

 

Experimental section 

Materials 
 Decanoic acid was purchased from Nu-Chek Prep (Elysian, MN).  Decanol and glycerol-mono-
decanoate were purchased from Sigma-Aldrich (St. Louis, MO).  DOPC and DOPG were purchased from 
Avanti Polar Lipids (Alabaster, Al).  Bicine, calcein, rhodamine 6G, and carboxyfluorescein were 
purchased from Sigma-Aldrich (St. Louis, MO).  Sepharose 4B was used as the resin for size-exclusion 
chromatography, and was purchased from Sigma-Aldrich (St. Louis, MO).  Triton-X-100 was purchased 
from Supleco (Bellefonte, PA).  Fisherbrand™ 96 - well polystyrene plates (Hanover Park, IL) were used 
for analyzing samples from size-exclusion chromatography. 
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Preparation of vesicle solutions 
 Stock solutions of decanoate were made by dissolving solid decanoic acid in equimolar NaOH 
solution, followed by gentle heating and rocking. Vesicle solutions were prepared by the following steps: 
1) mix solutions of salt and fluorescent dye. 2) Add decanoate solution. 3) Add liquid decanol and mix to 
induce vesicle assembly. The resulting vesicles encapsulated the bulk solution of salts and dyes. 4) For 
samples that contained glycerol-mono-decanoate, solid glycerol mono-decanoate was added to the 
vesicle solution, then briefly heated at 55°C to incorporate into vesicles. 5) The pH was adjusted after 
the amphiphiles were added.  The pH adjustments were performed at room temperature, and vesicle 
samples were occasionally kept warm in a hot metal block. 

Size-exclusion chromatography (SEC) 
 SEC columns were prepared with 6.9 mL of Sepharose 4B resin.  Before each SEC run, the 
column was flushed with at least two volume equivalents of running buffer.  500 μL of sample was 
added to the SEC column, and 400 μL fractions were collected by hand.  After all fractions were 
collected, the column was flushed with at least 2 volume equivalents of 0.2 M bicine (pH 9) for storage. 
100 μL aliquots of each fraction were deposited into 96 well plates.  Calcein fluorescence was measured 
using a Thermo Labsystems (Gulph Mills, PA) Fluoroskan Ascent FL Fluorescence Microplate Reader with 
ex485/em520. For experiments using vesicle samples composed of decanoic acid and decanol (and 
glycerol-mono-decanoate, in some cases), the SEC running buffer contained any salts and buffers that 
were present in the original vesicle sample, to match ionic conditions.  Regardless of the vesicle 
composition, the SEC running buffer contained decanoic acid at only 20 mM so that the total amphiphile 
concentration never dropped below the critical vesicle concentration. Higher concentrations caused the 
SEC resin to clog due to the large number of vesicles. Nonetheless, individual vesicles containing decanol 
(and glycerol-mono-decanoate, in some cases) were stable for hours after SEC despite dilution of the 
amphiphiles during SEC. For samples of phospholipid vesicles, the SEC running buffer contained only 
salts and buffers that were present in the sample to match ionic conditions.  No additional phospholipid 
was included in the SEC running buffer. 

Fluorescence microscopy 
 100 μL samples were prepared for imaging by mixing vesicle solutions with 2 mM rhodamine 6G 
stock (membrane dye).  The rhodamine 6G concentration in final samples was between 20 μM and 40 
μM.  The edges of a cover slip were coated with vacuum grease and 80 μL of sample was placed in the 
resulting well. Another cover slip was placed on top.  Images were collected on a Nikon (Melville, NY) 
Eclipse upright epifluorescence microscope (ME600L).  A Chroma (Bellows Falls, VT) FITC/Alexa488 filter 
cube was used for calcein fluorescence images (aqueous dye), and a Chroma mCherry/Texas Red filter 
cube was used for rhodamine fluorescence images.  In the rhodamine 6G channel, vesicles appear as a 
bright ring when they are much larger than the objective’s depth of field and when the focus is at the 
vesicle midplane. When vesicles are relatively small and/or they are imaged above or below the 
midplane, the rhodamine 6G fluorescence appears as a bright circle rather than a ring. A Wavelength 
Electronics (Bozeman, MT) temperature controller was used to maintain the imaging stage at desired 
temperature. 

Experiments on flocculation with different amphiphile concentrations (Fig 2) 
 For 60 mM amphiphile samples, vesicles were made from 40 mM decanoic acid, 10 mM 
decanol, 10 mM glycerol-mono-decanoate.  For 300 mM amphiphile samples, vesicles were made from 
200 mM decanoic acid, 50 mM decanol, 50 mM glycerol-mono-decanoate.  In both cases, the solution 
inside and outside the vesicles contained 0.5 mM calcein and 300 mM NaHCO3. For samples with 
saturated NaHCO3, enough NaHCO3 was added for 1.5 M if it were all soluble, but excess accumulated as 
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solid leaving a saturated NaHCO3 (~1.2 M) solution. Regardless of NaHCO3 concentration, final pH was 
adjusted to 8.7 (± 0.05). SEC was performed with running buffer that contained 20 mM decanoic acid 
and either 300 mM NaHCO3 or saturated NaHCO3.  In both cases, the running buffer was adjusted to pH 
8.7 (± 0.05).  The entire experiment, including imaging, was performed at 40°C. 

Experiments on calcein retention during flocculation by saturated NaHCO3 (Fig 3)  
 Vesicles were made from 100 mM decanoic acid and 50 mM decanol. The solution inside and 
outside the vesicles contained 5 mM calcein and 375 mM NaHCO3. pH was adjusted to 8.7 (± 0.05).  
Unencapsulated calcein was removed by SEC, where the running buffer contained 20 mM decanoic acid 
and 375 mM NaHCO3 at pH 8.7 (± 0.05).  SEC fractions corresponding to vesicles (early eluting) were 
combined, and the vesicles were mixed with a pH 8.7 (± 0.05) saturated NaHCO3 solution.  The final 
mixture was also saturated with ~1.2 M NaHCO3 (enough NaHCO3 was added for 1.5 M if it were all 
soluble, but excess accumulated as solid leaving a saturated NaHCO3 solution). Vesicles were added to a 
saturated NaHCO3 solution instead of solid NaHCO3 to prevent changes to the pH upon mixing. After 1 
hour, the NaHCO3 was diluted to at most 375 mM in a solution of 50 mM decanoic acid and 25 mM 
decanol at pH 8.7 (± 0.05). Dilution into a 50 mM decanoic acid and 25 mM decanol solution prevented 
the amphiphile concentration from decreasing below the critical vesicle concentration.  The entire 
experiment, including imaging, was performed at 40°C.  To acquire images of vesicles, aliquots were 
diluted in SEC running buffer (1 vesicle aliquot: 3 SEC running buffer, by volume) to reduce the 
concentration of vesicles, and thus improve image quality by reducing out-of-focus light. 

Experiments on calcein retention during flocculation by saturated NaCl (Fig 3)  
 Vesicles were made from 250 mM decanoic acid and 125 mM decanol.  The solution inside and 
outside the vesicles contained 5 mM calcein, 100 mM NaCl, and 50 mM bicine. pH was adjusted to 8.7 (± 
0.05).  Unencapsulated calcein was removed by SEC, where the running buffer contained 20 mM 
decanoic acid, 100 mM NaCl, and 50 mM bicine at pH 8.7 (± 0.05).  SEC fractions corresponding to 
vesicles (early eluting) were combined, and solid NaCl was added to the vesicles for a saturated ~6.1 M 
NaCl solution (enough NaCl was added for 7.2 M if it were all soluble, but excess accumulated as solid).  
After 1 hour, the NaCl was diluted to at most 400 mM in a solution of 30 mM decanoic acid and 50 mM 
bicine at pH 8.7 (± 0.05). Dilution into a 30 mM decanoic acid and 50 mM bicine solution prevented the 
amphiphile concentration from decreasing below the CVC. The entire experiment, including imaging, 
was performed at 40°C.  To acquire images of vesicles before the addition of solid NaCl, an aliquot was 
diluted in SEC running buffer (1 vesicle aliquot: 3 SEC running buffer, by volume) to reduce the 
concentration of vesicles, and thus improve image quality by reducing out-of-focus light. During 
flocculation, the encapsulated calcein became further concentrated, resulting in self-quenching (Fig S7-
S8).  To improve image quality by reducing self-quenching, an identical experiment was performed using 
an initial calcein concentration of only 0.5 mM.  Images from this flocculated sample are presented in Fig 
3.  

Experiments on carboxyfluorescein leakage (Fig 4)  
 Vesicles were made from 100 mM decanoic acid and 50 mM decanol. The initial solution inside 
and outside the vesicles contained 20 mM carboxyfluorescein and 100 mM NaHCO3. pH was adjusted to 
8.7 (± 0.05). Unencapsulated carboxyfluorescein was removed by SEC, where the running buffer 
contained only 20 mM decanoic acid and 100 mM NaHCO3 at pH 8.7 (± 0.05).  SEC fractions 
corresponding to vesicles (early eluting) were combined.  For experiments on non-flocculated vesicles, 
the post-SEC sample was diluted 1:1 with additional running buffer, and then added to an empty well on 
a 96 well plate.  For the saturated NaCl sample, the post-SEC sample was diluted 1:1 with additional 
running buffer, and then added to a well that contained enough solid NaCl for a saturated ~6.1 M NaCl 
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solution (enough NaCl was added for 7.2 M if it were all soluble, but excess accumulated as solid).  
Microscopy was used to confirm that the vesicles were flocculated (Fig S12). For the saturated NaHCO3 
sample, the post-SEC sample was diluted 1:1 with pH 8.7 (± 0.05) saturated NaHCO3 solution inside of a 
well on a 96 well plate.  The final mixture was also saturated with ~1.2 M NaHCO3 (enough NaHCO3 was 
added for 1.8 M if it were all soluble, but excess accumulated as solid leaving a saturated NaHCO3 
solution). Vesicles were added to a saturated NaHCO3 solution instead of solid NaHCO3 to prevent 
changes to the pH upon mixing.  Microscopy was used to confirm that the vesicles were flocculated 
(Fig S12). In all cases, duplicate 100 μL aliquots were placed in 96 well plates, and carboxyfluorescein 
fluorescence (ex485/em520) was measured in triplicate.  The same two duplicate aliquots were 
measured at each time point. In parallel duplicate aliquots, Triton-X-100 was added (t = 0) to induce 
complete disruption of encapsulation by vesicles or flocs.  Enough Triton-X-100 was added for 0.32% 
(mass/mass), but addition of Triton-X-100 only changed the sample volume by 2%. Carboxyfluorescein 
fluorescence was measured every 0.5 hr.  The 96 well plate was shaken before each measurement to 
evenly distribute the flocs across the well.  For the samples without initial Triton-X-100, Triton-X-100 
was added after the final timepoint, and fluorescence measured again.  

Experiments on calcein retention during dehydration (Fig 5)  
 Vesicles were made from 100 mM decanoic acid, 25 mM decanol, and 25 mM glycerol-mono-
decanoate.  The initial solution inside and outside the vesicles contained 5 mM calcein, 100 mM NaCl, 
and 50 mM bicine. pH was adjusted to 8.7 (± 0.05).  The SEC running buffer contained only 20 mM 
decanoic acid, 100 mM NaCl, and 50 mM bicine at pH 8.7 (± 0.05). For experiments on phospholipid 
vesicles, a film composed of 5 mg 95% DOPC and 5% DOPG was hydrated for about 72 hours with 1 mL 
of 5 mM calcein, 100 mM NaCl, and 50 mM bicine solution at pH 8.7 (± 0.05).  After 72 hours of 
hydration, the vesicle solution was again adjusted to pH 8.7 (± 0.05).  The SEC running buffer contained 
only 100 mM NaCl and 50 mM bicine at pH 8.7 (± 0.05). During experiments on either fatty acid vesicles 
or phospholipid vesicles, unencapsulated calcein was removed by SEC, and fractions corresponding to 
vesicles (early eluting) were combined.  200 μL aliquots of the combined fractions were distributed to 
separate test tubes, and each tube was dried at room temperature under a stream of N2 for 1 hour. 
Next, the mass of each test tube and sample was measured, and the test tubes were again put under a 
stream of N2 for an additional 0.5 hour. Final mass measurements of each test tube and sample 
confirmed that there were no detectable changes in mass (within ± 0.5 mg), so the samples were 
deemed dehydrated.  The dry samples were immediately rehydrated with 200 µL H2O, allowed to sit at 
room temperature for 1 hour, then vortexed vigorously to resolubilize dried material. 
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Supplementary information 

 

Section 1: Phospholipid vesicles flocculate in saturated NaHCO3 

 

 
Figure S1: Phospholipid vesicles composed of 5 mg/mL 95 mol % DOPC + 5 mol % DOPG do not 
flocculate in the presence of 100 mM NaHCO3.  Vesicles were formed by hydrating a lipid film with 5 
mM calcein and 100 mM NaHCO3 for 48 hours. After 48 hours, the pH of the vesicle sample was 
adjusted to 8.7 (± 0.05), and size-exclusion chromatography was performed using a running buffer 
consisting of 100 mM NaHCO3 at pH 8.7. Fluorescence micrographs show unaggregated vesicles before 
and after size-exclusion chromatography. The SEC chromatogram shows two peaks, which suggests a 
population of calcein-containing vesicles, in addition to unencapsulated calcein. Scale bars are 10 μm. 

  

Membrane dye                  Membrane dye                  Aqueous dye 
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Figure S2: Phospholipid vesicles composed of 5 mg/mL 95 mol % DOPC + 5 mol % DOPG flocculate in the 
presence of saturated NaHCO3. Vesicles were formed by hydrating a lipid film with 5 mM calcein and 
100 mM NaHCO3 for 48 hours. After 48 hours, enough NaHCO3 was added for 1.8 M if it were all soluble, 
but excess accumulated as solid leaving a saturated ~1.2 M NaHCO3 solution. The pH of the saturated 
solution was adjusted to 8.7 (± .05), and size-exclusion chromatography was performed using a running 
buffer consisting of saturated ~1.2 M NaHCO3 (enough NaHCO3 for 1.5 M if it were all soluble, but 
excess accumulated as solid) at pH 8.7. The fluorescence micrograph shows flocculated vesicles before 
size-exclusion chromatography. In the test tube, a floc layer floats above the unencapsulated calcein.  At 
the very bottom of the test tube, a layer of undissolved NaHCO3 is visible.  Because the flocs are less 
dense than the surrounding solution, they do not flow into the SEC resin.  The SEC chromatogram does 
not show an early-eluting peak, which suggests there are no unaggregated vesicles.  Only a late eluting 
peak is seen in the chromatogram, corresponding to unencapsulated calcein. Scale bar is 10 μm. 
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Section 2: Additional images from flocculation experiments. 

 

 
Figure S3: Additional images from the NaHCO3 flocculation experiment shown in Fig 3 (“Create 
vesicles”).  See “Experiments on calcein retention during flocculation by saturated NaHCO3” in the 
methods section for full details.  The vesicles were diluted 1:3 with SEC running buffer prior to imaging. 
Scale bars are 50 μm. 
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Figure S4: Additional image from the NaHCO3 flocculation experiment shown in Fig 3 (“Flocculate 
vesicles”).  Upon exposing the vesicles to saturated NaHCO3, a thick layer of flocculated vesicles can be 
seen in the test tube.  Importantly, this floc layer is still bright with calcein.  Below the low-density floc 
layer is a layer of solution containing unencapsulated calcein, and at the very bottom of the tube is a 
layer of undissolved NaHCO3.  See “Experiments on calcein retention during flocculation by saturated 
NaHCO3” in the methods section for full details. 

  



Chapter 2,  Supplementary information 

52 
 

 
Figure S5: Additional images from the NaHCO3 flocculation experiment shown in Fig 3 (“Disperse 
vesicles”).  See “Experiments on calcein retention during flocculation by saturated NaHCO3” in the 
methods section for full details.  The vesicles were diluted 1:3 with SEC running buffer prior to imaging. 
Arrows indicate a few of the vesicles that have encapsulated calcein (bright in both membrane dye and 
aqueous dye). Scale bars are 50 μm. 
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Figure S6: Additional images from the NaCl flocculation experiment shown in Fig 3 (“Create vesicles”).  
See “Experiments on calcein retention during flocculation by saturated NaCl” in the methods section for 
full details.  The vesicles were diluted 1:3 with SEC running buffer prior to imaging. Scale bars are 50 μm. 

 

  

Membrane dye                  Aqueous dye 
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Figure S7: Alternative image from the NaCl flocculation experiment shown in Fig 3 (“Flocculate 
vesicles”).  Unlike the image shown in Fig 3 where 0.5 mM calcein is encapsulated in flocculated vesicles, 
in this image the flocculated vesicles encapsulate 5 mM calcein.  Upon inducing flocculation, the 
effective concentration of encapsulated calcein increases high enough to induce self-quenching. As a 
result, flocculated vesicles appear darker than the surrounding solution in the calcein channel.  Prior to 
flocculation, this same sample is shown in Fig 3 “Create vesicles”.  When this sample is diluted so that 
the NaCl concentration is low enough to allow flocculated vesicles to disaggregate, the vesicles also 
appear to be bright with calcein (Fig 3 “Disperse vesicles”).  See “Experiments on calcein retention 
during flocculation by saturated NaCl” in the methods section for full details. Scale bars are 50 μm. 

 

  

Membrane dye                  Aqueous dye 
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Figure S8: Additional images from the NaCl flocculation experiments shown in Fig 3 (“Flocculate 
vesicles”).  Upon adding enough solid NaCl to saturate the solution, a thick layer of flocculated vesicles 
can be seen in both test tubes.  With 5 mM calcein, the color of the floc layer appears redder than the 
surrounding solution, suggesting self-quenching of encapsulated calcein.  With 0.5 mM calcein, the color 
of the floc layer appears more similar to the surrounding solution.  In both cases, there is a layer of 
solution containing unencapsulated calcein below the low-density floc layer.  At the very bottom of the 
tube is a layer of undissolved NaCl.  See “Experiments on calcein retention during flocculation by 
saturated NaCl” in the methods section for full details. 
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Figure S9: Additional images from the NaCl flocculation experiment shown in Fig 3 (“Disperse vesicles”).  
See “Experiments on calcein retention during flocculation by saturated NaCl” in the methods section for 
full details. Scale bars are 50 μm. 
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Section 3: Additional data from carboxyfluorescein leakage experiments. 

 

 

 
Figure S10: In the absence of vesicles, the fluorescence intensity from 1 mM carboxyfluorescein slightly 
decreases with time due to photobleaching.  Saturated NaCl seems to quench carboxyfluorescein 
fluorescence.  Triton-X-100 is added before the final timepoint, and the result demonstrates that the 
fluorescence intensity does not change upon addition of Triton-X-100.  Error bars represent the 
standard deviation from two independent experiments. 
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Figure S11: As the concentration of NaCl decreases, the ratio of fluorescence intensities in the disrupted 
vesicles to the intact vesicles increases.  Leakage was monitored through time for flocculated vesicles 
(filled symbols), and total dye release was induced by Triton-X-100 at the final timepoint (upward 
arrow).  For comparison, total dye release was induced by Triton-X-100 in parallel samples (open 
symbols).  Flocculated vesicles were composed of 2:1 DA: DOH.  For the 6 M and 3 M NaCl experiments, 
the results are for only one experiment each.  For the 1 M NaCl experiment, error bars represent the 
standard deviation from two independent experiments. 
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Figure S12: Microscopy confirms that vesicles in saturated salt solution flocculate under the conditions 
used during Figure 4 experiments.  Flocculated vesicles were prepared in the same way as the Figure 4 
experiments (see “Experiments on carboxyfluorescein leakage” in the methods section for more details), 
except that a larger volume of saturated solution was prepared in a test tube, rather than within a 96 
well plate. Scale bars are 100 μm. 
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Section 4: Additional images from dehydration experiments. 

 

 
Figure S13: Additional images from the dehydration experiment with fatty acid vesicles 
composed of 4DA: 1DOH: 1GMD shown in Fig 5 (“Before dehydration”).  See “Experiments on 
calcein retention during dehydration” in the methods section for full details.  Black arrows 
indicate vesicles that are labeled by both the vesicle and aqueous dyes.  White arrows indicate 
vesicles whose calcein florescence is quenched by rhodamine 6G.  See Figure S15 for a 
thorough explanation of this topic. Scale bars are 50 μm. 
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Figure S14: Additional images from the dehydration experiment with fatty acid vesicles composed of 
4DA: 1DOH: 1GMD shown in Fig 5 (“After rehydration”).  See “Experiments on calcein retention during 
dehydration” in the methods section for full details.  Distinct dark regions in the aqueous dye channel 
are caused by quenching of calcein fluorescence by rhodamine6G.  See Figure S15 for a thorough 
explanation of this topic. Scale bars are 50 μm. 

  

Membrane dye                  Aqueous dye 
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Figure S15: The fluorescence from calcein within vesicles was quenched when the concentration of 
rhodamine 6G was high.  Vesicles were made from 50 mM decanoic acid and 25 mM decanol.  The 
solution inside and outside the vesicles contained 100 mM NaCl, 490 μM calcein, and 50 mM bicine. 
Vesicle aliquots were mixed with different concentrations of rhodamine 6G.  At the highest rhodamine 
6G concentrations, calcein fluorescence inside the vesicle was quenched.  Scale bars are 20 μm. 

  

20 µM membrane dye        80 µM membrane dye         160 µM membrane dye  
Membrane dye    Aqueous dye                     Membrane dye    Aqueous dye                    Membrane dye    Aqueous dye 
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Figure S16: Additional data from the dehydration experiment with fatty acid vesicles composed of 4DA: 
1DOH: 1GMD shown in Fig 5.  After rehydration, the vesicles were subjected to another round of SEC to 
confirm that they had indeed re-encapsulated the bulk calcein solution.  The SEC chromatogram did 
show an early-eluting peak corresponding to calcein-containing vesicles, and images of these vesicles 
confirmed that calcein was encapsulated.   See “Experiments on calcein retention during dehydration” 
in the methods section for full details. Scale bars are 10 μm.  

Membrane dye           Aqueous dye 
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Figure S17: Additional images from the dehydration experiment with phospholipid vesicles composed of 
95 mol % DOPC and 5 mol % DOPG shown in Fig 5 (“Before dehydration”).  See “Experiments on calcein 
retention during dehydration” in the methods section for full details. Scale bars are 50 μm. 
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Figure S18: Additional images from the dehydration experiment with phospholipid vesicles composed of 
95 mol % DOPC and 5 mol % DOPG shown in Fig 5 (“After rehydration”).  See “Experiments on calcein 
retention during dehydration” in the methods section for full details. Scale bars are 50 μm.

Membrane dye                  Aqueous dye 
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Figure S19: Additional data from the dehydration experiment with phospholipid vesicles composed of 
95 mol % DOPC and 5 mol % DOPG shown in Fig 5.  After rehydration, the vesicles were subjected to 
another round of SEC.  The SEC chromatogram did show an early-eluting peak corresponding to calcein-
containing vesicles, and images of these vesicles confirmed that calcein was encapsulated.   See 
“Experiments on calcein retention during dehydration” in the methods section for full details. Scale bars 
are 10 μm. 

Membrane dye           Aqueous dye 
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Chapter 3:  

Prebiotic Vesicles Retain Solutes and Grow by Micelle Addition 
after Brief Cooling below the Membrane Melting Temperature  

 
*This chapter was first published in Langmuir in 2022. It was written in collaboration with Zoe R. Todd, 
David C. Catling, Roy. A. Black, and Sarah L. Keller. 

 

Abstract 

 Replication of RNA genomes within membrane vesicles may have been a critical step in the 

development of protocells on the early Earth. Cold temperatures near 0°C improve the stability of RNA 

and allow efficient copying, while climate models suggest a cold early Earth, so the first protocells may 

have arisen in cold-temperature environments. However, at cold temperatures, saturated fatty acids, 

which would have been available on the early Earth, form gel phase membranes that are rigid and 

restrict mobility within the bilayer. Two primary roles of protocell membranes are to encapsulate 

solutes and to grow by incorporating additional fatty acids from the environment. We test here whether 

fatty acid membranes in the gel phase accomplish these roles. We find that gel-phase membranes of 10-

carbon amphiphiles near 0°C encapsulate aqueous dye molecules as efficiently as fluid-phase 

membranes do, but the contents are released if the aqueous solution is frozen at -20°C. Gel-phase 

membranes do not grow measurably by micelle addition, but growth resumes when membranes are 

warmed above the gel-liquid transition temperature. We find that longer, 12 carbon amphiphiles do not 

retain encapsulated contents near 0°C. Together, our results suggest that protocells could have 

developed within environments that experience temporary cooling below the membrane melting 

temperature, and that membranes composed of relatively short chain fatty acids would encapsulate 

solutes more efficiently as temperatures approached 0°C. 

 

Main text 

Many models for the formation of protocells on the early Earth involve encapsulation of RNA by 

a membrane1. However, it remains unclear whether environmental conditions that enhance the stability 

and function of RNA were beneficial, neutral, or detrimental to the stability and function of membranes. 
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We have previously explored aspects of this question in the context of evaporating lakes that 

concentrate salts2. Here, we explore the effect of temperature. 

Cold temperatures could have enabled development of RNA genomes3. In particular, 

nucleobases4 and RNA5,6 are more stable at temperatures near 0°C. Partially frozen water-ice eutectic 

mixtures and freeze-thaw cycles allow synthesis of nucleobases7,8, oligomerization of nucleotides9–13, 

and catalysis by ribozymes14–17. Coupled global carbon cycle and climate simulations show that the 

average surface temperature of the Earth may have been near 0°C from about 4.4 to 4.0 billion years 

ago when life likely originated18. 

How would membranes have fared in low temperature environments? Although the 

permeability and gel-liquid transitions of modern, phospholipid membranes are well-studied19,20, 

corresponding data for prebiotic, fatty acid membranes are sparser. Fatty acids assemble into 

membranes when the solution pH is within about half a unit of the fatty acid pKa in the bilayer21. Fatty 

acids were delivered to the early Earth via meteorites22, but they also could have been synthesized by 

the Fischer-Tropsch mechanism23 or sparking reactions24.  

Historically, experiments with fatty acids have focused on membranes that are above their 

melting temperature25, where the fatty acids are in a fluid phase characterized by high lateral mobility 

and mobile acyl chains (Fig. 1). A fluid, fatty acid membrane would have conferred many advantages to a 

protocell. Fluid vesicles have been shown to grow by incorporating additional fatty acids from micelles26–

28 or other vesicles29. Because these vesicles accumulate excess surface area as they grow, gentle shear 

forces can induce vesicle division27, providing a simple, environmentally-driven mechanism for 

reproduction. Fluid membranes are permeable to small molecules while retaining larger ones, enabling 

synthesis of genetic polymers inside vesicles30. In addition, the building blocks of RNA and protein 

polymers bind to fluid-phase fatty acid vesicles, which could concentrate these molecules from dilute 

solutions in the early Earth environment31–34. 

Below their melting temperatures, fatty acid membranes are in a gel phase35–37, characterized by 

amphiphiles with low lateral mobility and rigid acyl chains. It was previously unknown whether rigid, gel-

phase fatty acid vesicles can retain encapsulated contents and whether they can grow via micelle 

addition. Here, we test permeability and growth in membranes of prebiotic single-chain amphiphiles 

with intermediate (10-carbon and 12-carbon) chain lengths.  
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Figure 1: (A) The melting temperature of a fatty acid membrane is the transition from the gel to fluid 
phase. (B) For membranes composed of 1:1 decanoic acid:decanol at pH 8.7 (± 0.05), we measured a 
melting temperature of ~12°C using differential scanning calorimetry (see methods and results), which is 
consistent with previous results36. 

 

 Our goal is to determine whether cold conditions, which enhance the stability of RNA, would 

have been detrimental to membranes of protocells, either by causing leakage of aqueous contents or by 

preventing growth. Specifically, we investigated conditions in which fatty acid membranes were in a gel 

phase rather than a fluid phase. 

Our focus is on prebiotic fatty acids, which include decanoic acid (10-carbons), and, to a lesser 

extent, dodecanoic acid (12-carbons) 22–24. We added a prebiotic long-chain alcohol (decanol or 

dodecanol) to the vesicles in order to improve retention of encapsulated dye after size-exclusion 

chromatography (SEC). Unless otherwise specified, vesicles were multilamellar with a heterogenous 

distribution of sizes up to ~10 μm. Because the melting temperature of fatty acid membranes is not 

necessarily the same as for pure fatty acids 35–37, we measured membrane transitions, which vary from < 

4°C to 51°C (Table 1, Fig. S1-S6). 

 To quantify leakage across membranes, we filled fatty acid vesicles with high (60 mM) 

concentrations of self-quenched carboxyfluorescein dye. Subsequent leakage of the dye from the self-

quenched interior of the vesicle to the dilute exterior produced a robust fluorescence signal. We held 

vesicles at temperatures above or below their membrane melting transition and found that dye leaks 

from the interior of gel-phase vesicles at a similar, slow rate as from fluid-phase vesicles (Fig. 2A). 

Moreover, gel-phase vesicles maintain encapsulation of dye over long periods (24 hours) near 0°C (Fig. 

S12). Dye retention is similarly high when fatty acid vesicles are quickly cycled across the gel-liquid 

transition (Fig. 2B-C). For example, when vesicles of 1:1 decanoic acid:decanol (with a melting 

temperature of ~12°C as in Fig. S1) were cycled three times between ~25°C and 0.0°C ± 2.7°C, the 
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leakage of encapsulated carboxyfluorescein dye was indistinguishable from leakage from vesicles that 

were maintained in only fluid or gel phases (Fig. 2B). The ability of gel-phase membranes to retain 

encapsulated solutes suggests that protocells composed of fatty acid membranes could have survived 

within cold, unfrozen environments.   

Our results in Fig. 2B are surprising in the context of phospholipid membranes. Although the 

permeability of phospholipid membranes is similar in the fluid and gel phases, it spikes near the 

phospholipid’s melting temperature 19,38. In contrast, fatty acid membranes do not appear to experience 

higher permeability as they repeatedly pass through their melting temperature. Overall, vesicles of fatty 

acids are regarded as more permeable than vesicles of modern phospholipids 39. In some scenarios, 

permeability is an advantage: replication of RNA in protocells may have been enabled by the movement 

of small molecules across the membrane while larger molecules were retained in the protocell’s 

lumen30. It is difficult to place our results on gel-phase vesicles in the context of other fatty acid 

membranes because we are unaware of any other tests of membrane permeability (or growth) for gel-

phase fatty acid membranes. 

 

Figure 2: Gel phase fatty acid vesicles encapsulate dye as efficiently as fluid phase vesicles do. (A) 
Complete disruption of vesicle membranes with Triton X-100 releases all encapsulated dye and increases 
fluorescence. In contrast, leakage of dye is slow across fluid- and gel-phase membranes. In Panel A, 
vesicles of 2:1 decanoic acid:decanol (melting temperature ~9°C, Fig. S2) were held in the gel (5.0 ± 0.9°C) 
or fluid phase (25.0°C ± 1.2°C) up to 5 hours, and fluorescence was measured in a fluorimeter. 
(B-C) Cycling temperature three times between the fluid (25.0°C) and gel phases (0.0 ± 2.7°C) does not 
increase leakage relative to holding vesicles at a constant temperature. Vesicles of 1:1 decanoic 
acid:decanol (melting temperature ~12°C, Fig. S1) were held at constant temperature or cycled for 
2 hours. Fluorescence was measured in a plate-reader before and after disruption of membranes with 
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Triton X-100. Fluorescence intensity data are normalized as a percent after disruption. Normalized 
intensities are related to (but not necessarily proportional to) the number of dye molecules that leak from 
vesicles. Error bars are standard deviations from 3-4 independent experiments. 

 

Having established that gel-phase vesicles can retain their contents, we next examined if they 

grow upon addition of micelles. In short, we did not observe convincing signs of growth after the 

addition of micelles to gel phase vesicles. However, subsequent heating of vesicles above their melting 

temperature allows them to grow again (Fig. 3). We conducted our experiments by adding decanoic acid 

micelles to fluid (25.0 ± 1.4°C) or gel (1.0 ± 0.5°C) vesicles with melting temperatures of ~17°C (Fig. S3), 

then monitoring vesicle growth over times ranging from 0-40 min. Specifically, we measured Förster 

resonance energy transfer (FRET) between two dyes in the membrane, and we converted fluorescence 

intensities to membrane surface areas, as described in the Methods.  

 

 

Figure 3: In the presence of micelles, the surface area of fluid-phase (but not gel-phase) vesicles increases 
with time. (A) Vesicles grow by incorporating fatty acids from micelles. (B) Protocol for introducing 
micelles to 100-nm diameter decanoic acid vesicles (melting temperature ~17°C) in the fluid (25.0 ± 1.4°C) 
or gel (1.0 ± 0.5°C) phase. Growth times ranged from 0-40 min, and the sum of the growth time and wait 
time was always 40 min. Over the next 2 min, all samples were brought into the fluid phase (25.0°C), and 
FRET was measured at ~20°C (data in Panel C). After an additional 10 min at ~20°C, FRET was measured 
again for the samples that had been in the gel phase (data in Panel D). Gel-phase vesicles showed 
negligible growth during the timecourse, relative to fluid-phase vesicles at zero growth time. However, 
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the vesicles in these samples did grow during an additional 10 min in the fluid phase (~20°C). Data in 
panels C and D are from a single experiment, and are consistent with other independent trials (Fig. S9-
S10).  

 

In detail, our vesicle growth results were as follows. First, we generated unilamellar, 100 nm 

vesicles by extrusion. When micelles were added to fluid-phase vesicles, the membrane area increased 

with time (Fig. 3C), consistent with previous observations26–28. In controls without micelles, membrane 

area remained constant, as expected (Fig. S11). When micelles were added to gel-phase vesicles, 

membrane area showed negligible growth – it did not exceed the area of fluid-phase vesicles at zero 

time (Fig. 3C and Fig. S9). When micelles were added to gel-phase vesicles (at each point in the 

timecourse) and subsequently the set of samples was held in the fluid phase (~20°C for 10 min), vesicle 

surface area increased (Fig. 3D and S10). These results were reproducible over multiple independent 

experiments (Fig. S9-S10). 

In addition to decanoic acid, which was used in the experiments above, saturated fatty acids 

with longer carbon chains were likely present on early Earth as well22–24. Could these longer-chain fatty 

acids assemble into the membranes of protocells if the Earth was cold? Longer-chain fatty acids are 

often used in model protocells because they have lower critical vesicle concentrations35, and because 

they encapsulate aqueous solutes at higher temperatures40. We next asked: if temperature is much 

lower (near 0°C), do longer-chain fatty acids encapsulate solutes more (or less) effectively than decanoic 

acid? 

We produced vesicles of longer chain 12-carbon amphiphiles (1:1 dodecanoic acid:dodecanol) 

with a gel-liquid transition at ~31°C (Fig. S4). This transition temperature is higher than for membranes 

composed of 1:1 decanoic acid:decanol (~12°C), and the solubility of 12-carbon amphiphiles is lower 

than for 10-carbon amphiphiles. When the vesicles of 12-carbon amphiphiles are held in the gel phase 

close to the gel-liquid transition (25°C), they retain encapsulated dye (Fig. 4) like the vesicles of 10-

carbon amphiphiles. However, at lower temperatures (~0°C, on ice), they completely release the dye, 

unlike the 10-carbon vesicles at ~0°C (Fig. 2). It is unclear if this difference is due to the larger, 30°C 

offset between the membrane’s melting temperature and the sample temperature or due to the low 

solubility of 12-carbon chains at 0°C. We observe similar behavior with vesicles of 14-carbon 

amphiphiles (1:1 tetradecanoic acid: tetradecanol, Fig. S13-14), whereas short-chain 9-carbon 

amphiphiles (1:1 nonanoic acid: nonanol) retain encapsulated dye at 0°C (Fig. S15). Our results imply 
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that membranes composed of relatively short-chain fatty acids would have had an advantage as 

temperatures approached 0°C. 

 Our results above report on the behavior of model protocell membranes in the gel phase, when 

the vesicles are in unfrozen solution near 0°C. But what if the early Earth experienced even colder 

temperatures such that the bulk solution froze completely? To investigate this, we examined if fatty acid 

vesicles retain encapsulated solutes after freezing and thawing of the surrounding solution.  

 

Figure 4: Vesicles of 12-carbon amphiphiles (1:1 dodecanoic acid:dodecanol) release encapsulated dye 
after 2 hrs at ~0°C, but retain dye after 2 hrs at 25°C. Fluorescence intensity is normalized by the 
fluorescence intensity after membrane disruption by Triton X-100, and expressed as a percent. Error 
bars are standard deviations from three independent experiments. 

 

 We froze solutions of vesicles composed of 2:1 decanoic acid: decanol at -20°C, and we 

observed that all encapsulated dye leaked from the vesicles upon thawing (Fig. 5). We observed similar 

behavior for vesicles of 1:1 nonanoic acid: nonanol (Fig. S16). This is in contrast to modern, phospholipid 

membranes, which retain some of their encapsulated contents after complete freezing41. Our vesicles of 

2:1 decanoic acid:decanol have a membrane transition temperature of ~9°C, so there is ~30°C offset 

between the membrane transition temperature and the sample temperature. This may be analogous to 

our experiments with 12-carbon amphiphiles because we create a similar ~30°C offset, and we observe 

release of encapsulated dye in both experiments.  

 

Figure 5: Vesicles of 10-carbon amphiphiles (2:1 decanoic acid:decanol) release encapsulated dye after 2 
hrs of freezing at -20°C and 1 hr of thawing at 25°C. A unfrozen sample of the vesicles retains dye after 3 
hrs at 25°C. Fluorescence intensity is normalized by the fluorescence intensity after membrane 
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disruption by Triton X-100, and expressed as a percent. Error bars are standard deviations from three 
independent experiments. 

 

Temperatures near 0°C enable synthesis of RNA genomes3–12,14–17, making cold brines an 

attractive environment for the development of protocells on the early Earth. Here, we have shown that 

vesicles composed of 10-carbon amphiphiles (decanoic acid and decanol) retain encapsulated solutes 

when they are transiently cooled to temperatures near 0°C, even though the vesicle membranes are in a 

gel phase at these cold temperatures. Gel-phase membranes of decanoic acid do not grow by micelle 

addition, but membrane growth ensues when the temperature is increased above the melting 

transition. Suppressing the melting temperature could enable the growth of fatty acid membranes near 

0°C. Sugars, nucleobases, amino acids, and peptides in the prebiotic environment could bind to fatty 

acid vesicles31,32,34 and decrease the membrane melting temperature, as membrane proteins do in cell-

derived phospholipid membranes42. Similarly, polyaromatic hydrocarbons incorporate into fatty acid 

membranes43 and could behave analogously to sterols by fluidizing the membrane. 

We have shown that vesicles of 12-carbon amphiphiles (dodecanoic acid and dodecanol) do not 

encapsulate solutes after cooling near 0°C, which suggests that protocells composed of relatively short-

chain amphiphiles may have had an advantage in cold conditions on the early Earth. Additionally, 

complete freezing disrupts encapsulation by fatty acid vesicles, which may have constrained protocell 

development to unfrozen solutions. Our results imply that fatty acid vesicles could have contributed to 

the formation of the earliest protocells within cold, unfrozen environments on the early Earth 

 

Experimental section 

Materials 

Decanol, dodecanoic acid, dodecanol, and carboxyfluorescein were purchased from Sigma-
Aldrich (St. Louis, MO).  Decanoic acid was from Nu-Chek Prep (Elysian, MN) and NaHCO3 was from EMD 
Chemicals (Darmstadt, Germany). Sepharose 4B was used for size-exclusion chromatography (Sigma-
Aldrich, St. Louis, MO).  Triton X-100 was from Supleco (Bellefonte, PA). Rhodamine B dihexadecanoyl-
phosphoethanolamine (rhodamine-DHPE), N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-dihexadecanoyl-
phosphoethanolamine (NBD-PE), and 96-well polystyrene plates were from ThermoFisher (Waltham, 
MA). A 300-μL quartz cuvette #23-3.45-Q-3 was from Starna Cells (Atascadero, CA). 
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Preparation of vesicle solutions 

1.0 M stock solutions of decanoate and dodecanoate were made by dissolving solid decanoic or 
dodecanoic acid in an equimolar NaOH solution, followed by gentle heating to 60°C and rocking for 1.25 
hr. Vesicle solutions were prepared in the following order: (1) Stock solutions of 1.0 M NaHCO3 and 0.10 
M carboxyfluorescein were diluted into ~18 mΩ-cm water. (2) 1.0 M decanoate (or 1.0 M dodecanoate) 
stock solution was added. (3) Liquid decanol (or dodecanol) was added, which induced vesicles to form. 
At this step, the solution contained 0.10 M NaHCO3 and 60 mM carboxyfluorescein, both inside and 
outside the vesicles. The pH was adjusted to 8.70 ± 0.05 by adding small volumes of concentrated HCl or 
NaOH solutions. To avoid insolubility of dodecanoate and dodecanol at low temperatures, their stock 
solutions were heated at 60°C for 1 hr before mixing. The resulting solution was maintained at 60°C, and 
the solution was housed in a test tube held in an aluminum block at 60°C during pH adjustment.  

 

Determining membrane melting temperature using calorimetry 

Heat capacities of vesicle solutions were measured using a Malvern Panalytical (Malvern, UK) 
MicroCal VP-capillary differential scanning calorimeter. 0.10 M NaHCO3 at pH 8.7 (± 0.05) was used as a 
reference solution. Temperature sweeps were conducted at 60°C/hr. 

 

Size-exclusion chromatography (SEC) 

To encapsulate concentrated dye in vesicles, we allowed vesicles to self-assemble in a self-
quenched (60 mM) carboxyfluorescein solution as described above, eluted the resulting solution 
through a SEC column, and collected aliquots enriched in vesicles and depleted of free dye. SEC columns 
were prepared with 6.9 mL Sepharose 4B resin. Before each SEC run, the column was flushed with at 
least two volume equivalents of running buffer. 500 μL vesicle solutions in the concentrations listed in 
Table 1 were added to the SEC column, and 400 μL fractions were collected by hand.  After all fractions 
were collected, the column was flushed with at least 2 volume equivalents of 0.2 M bicine (pH 9) for 
storage. The SEC running buffer contained 0.10 M NaHCO3 to match ionic conditions in the vesicle 
sample and 20 mM fatty acid (either decanoic acid or dodecanoic acid, corresponding to the vesicles) so 
that the total amphiphile concentration remained above the critical vesicle concentration2. The pH of 
the running buffer was adjusted to 8.70 (± 0.05) by adding small volumes of concentrated HCl or NaOH 
solutions. The fractions containing vesicles were combined and further diluted in SEC running buffer for 
analysis.  

 

     Table 1:  

Expt. Vesicles Carbons Ratio Conc. 
before SEC 

Conc. after 

SEC + dilution 

Meltin
g Temp 

Tmelt 
Data 

Fig. 1 decanoic acid / 
decanol 

10 1:1 37.5 mM / 

37.5 mM 

– ~12°C Fig. S1 

Fig. 2A, 
Fig. 5 

decanoic acid / 
decanol 

10 2:1 250 mM /  
125 mM  

~50 mM / 
~25 mM 

~9°C Fig. S2 
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Fig. 2B decanoic acid / 
decanol 

10 1:1 112.5 mM /  
112.5 mM 

~37.5 mM / 
~37.5 mM 

~12°C Fig. S1 

Fig. 3 decanoic acid 10 – 60 mM – ~17°C Fig. S3 

Fig. 4 dodecanoic acid 
/ dodecanol 

12 1:1 112.5 mM /  
112.5 mM 

~37.5 mM / 
~37.5 mM 

~31°C Fig. S4 

Fig. 
S13, 
S14 

tetradecanoic 
acid / 
tetradecanol 

14 1:1 112.5 mM /  
112.5 mM 

~37.5 mM / 
~37.5 mM 

~51°C Fig. S5 

Fig. 
S15, 
S16 

nonanoic acid / 
nonanol 

9 1:1 112.5 mM /  
112.5 mM 

~37.5 mM / 
~37.5 mM 

< 4°C Fig. S6 

 

Release of encapsulated dye at constant temperature 

After SEC, vesicle solutions contained ~50 mM decanoic acid and ~25 mM decanol, and the 
vesicles encapsulated self-quenched carboxyfluorescein at ~60 mM. Vesicle solutions were held in a 
glass cuvette at 23.8-25.6°C (for fluid-phase membranes) and 4.5-5.9°C (for gel-phase membranes), 
including during measurement. Carboxyfluorescein fluorescence (ex475/em520) was measured every 
hour for 5 hours using a Horiba Fluorolog (Kyoto, Japan). After 5 hours, Triton X-100 was added (final 
concentration 0.3% by weight) to disrupt vesicles, leading to complete release of encapsulated 
carboxyfluorescein and corresponding increase in the fluorescence signal.  

 

Release of encapsulated dye during temperature cycling 

 After SEC, vesicle solutions contained ~37.5 mM decanoic acid and ~37.5 mM decanol, and the 
vesicles encapsulated self-quenched carboxyfluorescein at ~60 mM. 350-μL aliquots of vesicle solution 
were distributed to 1.5 mL Eppendorf tubes, and three types of experiments were performed. In 
Experiment 1, samples were maintained in an oven at 25°C (fluid phase) for 120 min. In Experiment 2, 
samples were maintained at –2.7 to 1.8°C (gel-phase fatty acid membranes in a fluid-phase solution) for 
120 min using either a refrigerator or an ice bath. In Experiment 3, temperature was cycled three times, 
starting with 20 min at the cold temperature (–2.7 to 1.8°C, either in a refrigerator or ice bath), then 
20 min in an oven at 25°C, for a total of 120 min. The 20-min equilibration times were verified to be long 
enough for completion of the gel-liquid transition of all vesicles. Triplicate 100 μL aliquots from each 
vesicle sample were then transferred into a 96-well plate. Carboxyfluorescein fluoresence was measured 
at room temperature using a Thermo Labsystems (Gulph Mills, PA) Fluoroskan Ascent FL Fluorescence 
Microplate Reader with ex485/em520. At the end of the experiment, Triton X-100 (final concentration 
0.3% by weight) was added to disrupt vesicles and release all encapsulated carboxyfluorescein. 

 

Vesicle surface area assay 

 Hydrophobic dyes were added to solutions of nominally 100-nm vesicles as follows. First, 
vesicles self-assembled in solutions of 60 mM decanoic acid and 200 mM HEPES, with pH adjusted to 
7.60 (+/- 0.05) by the addition of small volumes of concentrated NaOH solution. Next, stock solutions of 
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dye in chloroform (10 mM NBD-PE and 5 mM rhodamine-DHPE) were dried in glass vials under N2 
followed by 30 min under vacuum. The vesicle solution was added to the vials corresponding to a final 
concentration of dye of 60 µM. The vials were rocked for 2 days to incorporate dye into the vesicles. The 
vesicles were extruded 9 times through 100-nm filters. 90 μL aliquots of vesicle solution were 
distributed to wells in a 96-well plate, which was then placed on a metal heating block (Fig. S7). 
Temperature was maintained at 24.7-26.4°C for fluid-phase vesicles and at 0.9-1.5°C for gel-phase 
vesicles. 

 Vesicles grew in the presence of micelles for 0-40 min. The protocol for adding micelles to 
vesicle solutions (Fig. 3B) was designed so that all Förster resonance energy transfer (FRET) data were 
collected simultaneously at room temperature (~20°C) because membrane FRET is inefficient at ~0°C. 1) 
We prepared parallel samples of vesicles in the fluid or the gel phase in a 96-well plate. 2) The 96-well 
plate was equilibrated to the temperature of fluid or gel-phase vesicles, along with a solution of 
decanoic acid micelles (1.0 M decanoic acid in 1.0 M NaOH). 3) In 5 min intervals, 10 μL of micelle 
solution (~2 equivalents of decanoic acid) was added to a different vesicle sample in the 96-well plate to 
achieve growth times of 0-40 min (the time prior to addition of the micelle solution is referred to as the 
“wait time” in Figure 3). The total time elapsed from the start of the experiment was the same for each 
vesicle sample, 40 min. One 100-µL aliquot of vesicles without micelles was reserved as a control. 4) 
Over an additional 2 min, the plate was brought to 25°C, then room temperature (~20°C), and 5) FRET 
was measured in all wells simultaneously (ex485/em538 and ex485/em589). Thus, micelle addition and 
vesicle growth occurred in either gel or fluid phase, and surface area was always measured on fluid-
phase vesicles. 6) Vesicles that had been in the gel phase were then held at room temperature for an 
additional 10 min, and FRET was measured again. Using a phenomenological relationship between the 
FRET intensity (I, taken as em538/em589) and the concentration of dye molecules in the membrane (Fig. 
S8), the vesicle surface area (A) was calculated as: 

𝐴 = 4𝜋𝑟& '(
')

           (1) 

In the equation, r is the initial radius of the vesicles (taken as 50 nm), C0 is the initial concentration of 
FRET-pairs in the membrane (0.1%), and Ct is the concentration of those FRET-pairs at time t 
(determined from Fig. S8). Surface area was normalized by the value from a control without added 
micelles.  

 

Release of dye from vesicles of 12-carbon amphiphiles 

After SEC, vesicle solutions contained ~37.5 mM dodecanoic acid and ~37.5 mM dodecanol, and 
the vesicles encapsulated self-quenched carboxyfluorescein at ~60 mM. Two 350-μL volumes of vesicle 
solution were distributed to 1.5-mL Eppendorf tubes. One was maintained at 25°C for 120 min; the 
other was maintained on ice for 120 min. The membranes were in the gel phase at both temperatures. 
Triplicate 100-μL aliquots from each volume were transferred into a 96-well plate. Carboxyfluorescein 
fluorescence was measured at room temperature using a Thermo Labsystems (Gulph Mills, PA) 
Fluoroskan Ascent FL Fluorescence Microplate Reader with ex485/em520. At the end of the experiment, 
Triton X-100 (final concentration 0.3% by weight) was added to disrupt vesicles, which released all 
encapsulated carboxyfluorescein. 
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Release of dye from vesicles during complete freezing 

After SEC, vesicle solutions contained ~50 mM decanoic acid and ~25 mM dodecanol, and the 
vesicles encapsulated self-quenched carboxyfluorescein at ~60 mM. Two 500-μL samples of vesicle 
solution were distributed to glass tubes. One sample was maintained at 25°C for 180 min; the other 
sample was frozen at -20°C for 120 min, and then maintained at 25°C for 60 min to thaw. Both samples 
were incubated for a total time of 180 min. Triplicate 100-μL aliquots from each vesicle sample were 
transferred to a 96-well plate. Carboxyfluorescein fluorescence was measured at room temperature 
using a Thermo Labsystems (Gulph Mills, PA) Fluoroskan Ascent FL Fluorescence Microplate Reader with 
ex485/em520. At the end of the experiment, Triton X-100 (final concentration 0.3% by weight) was 
added to disrupt vesicles, which released all encapsulated carboxyfluorescein. 
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Supplementary information 

Section 1: Determining membrane melting temperature using calorimetry 

 

 

Figure S1: The melting temperature of membranes composed of 1:1 decanoic acid: decanol is  roughly 
12°C, consistent with previous results1. In three independent measurements, vesicles composed of 187.5 
mM decanoic acid and 187.5 mM decanol were prepared so that the interior and exterior solution was 
100 mM NaHCO3 at pH 8.7 (± 0.05). Vesicle samples were diluted into a solution of 100 mM NaHCO3 at 
pH 8.7 (± 0.05) so that the final amphiphile concentration was 37.5 mM decanoic acid and 37.5 mM 
decanol.   
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Figure S2: The melting temperature for membranes composed of 2:1 decanoic acid: decanol is ~9°C. In 
three independent experiments, vesicles composed of 250 mM decanoic acid and 125 mM decanol were 
prepared so that the interior and exterior solution was 100 mM NaHCO3 at pH 8.7 (± 0.05). Vesicle samples 
were diluted into a solution of 100 mM NaHCO3 at pH 8.7 (± 0.05) so that the final amphiphile 
concentration was 50 mM decanoic acid and 25 mM decanol. Some experiments in the main text (Fig 2B) 
with membranes of the same composition were conducted between 4.5°C and 5.9°C, which we 
characterize as the gel phase. An advantage of conducting experiments near the melting temperature is 
that membrane permeability is expected to be highest at the gel-liquid transition, based on previous 
experiments with phospholipids2. Because we observe that fluorescent dyes leak at similar rates across 
fatty acid membranes at 4.5 - 5.9°C, (slightly below the melting temperature) and at 25°C (well above the 
melting temperature), we can conclude that gel phase vesicles effectively encapsulate the dye. 
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Figure S3: The melting temperature for membranes composed of decanoic acid is ~17°C. In four 
independent experiments, vesicles composed of 50 mM decanoic acid were prepared so that the interior 
and exterior solutions both contained 100 mM NaCl and 30 mM monosodium phosphate at pH 7.0 (± 
0.05). Unlike other calorimetry experiments in our paper, a solution of 100 mM NaCl and 30 mM 
monosodium phosphate at pH 7.0 (+/- 0.05) was used as a reference solution, to match the ionic 
composition in the vesicle sample. The temperature sweep was conducted at 60°C/hr. For completeness, 
all data are shown, including Experiment 2, in which the instrument failed to register a change in heat 
capacity. Experiments spanned 7 months.   
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Figure S4: The melting temperature for membranes composed of 1:1 dodecanoic acid: dodecanol is ~31°C. 
In three independent experiments, vesicles composed of 37.5 mM dodecanoic acid and 37.5 mM 
dodecanol were prepared at 60°C so that the interior and exterior solution was 100 mM NaHCO3 at pH 
8.7 (± 0.05).  
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Figure S5: The melting temperature for membranes composed of 1:1 tetradecanoic acid: tetradecanol (14 
carbons) is ~51°C. In two independent experiments, vesicles composed of 37.5 mM tetradecanoic acid 
and 37.5 mM tetradecanol were prepared at 60°C so that the interior and exterior solution was 100 mM 
NaHCO3 at pH 8.7 (± 0.05). 
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Figure S6: We do not observe a melting transition for membranes composed of 1:1 nonanoic acid: nonanol 
(9 carbons) above 4°C, the lowest temperature that our instrument is capable of measuring. In two 
independent experiments, vesicles composed of 37.5 mM nonanoic acid and 37.5 mM nonanol were 
prepared so that the interior and exterior solution was 100 mM NaHCO3 at pH 8.7 (± 0.05).  
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Section 2: Förster resonance energy transfer (FRET) to determine vesicle surface area 

 

                      

Figure S7: A 96-well plate filled with vesicle aliquots was maintained at constant temperature during the 
FRET assay, outlined in Figure 3 of the main text. The plate was placed on a metal block, and a digital 
thermometer was rested in an unused well filled with 100 μL H2O. (A) To maintain vesicles in the fluid 
phase, the metal block was heated to 25.0 ± 1.4°C. (B) To maintain vesicles in the gel phase, the metal 
block was placed in a styrofoam ice bath. The 96-well plate did not contact the ice directly. (C) After a 
styrofoam lid was affixed, the temperature at the sample was 1.0 ± 0.5°C. After the last aliquot of micelles 
was added to gel phase vesicles, the plate was removed from the ice bath and set on a 60°C metal block 
for ~1.5 min until the plate reached 25°C. Fluorescence was measured at room temperature 2 min after 
the block was removed from the ice bath. For a third replicate experiment (Fig S9), temperature was 
varied in an Eppendorf MasterCycler Gradient Thermal Cycler in which the 96-well plate sat directly on a 
metal stage that enabled rapid temperature equilibration.   

  

A B C 
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Figure S8: Ratio of donor/acceptor intensities (called the FRET intensity) decreases as the concentration 
of FRET dyes in the membrane increases. (A) Schematic representation of FRET within a membrane. (B) 
Phenomenological relationship between the FRET intensity ε (expressed as the ratio of donor 
fluorescence to acceptor fluorescence) and the concentration of dyes in the membrane γ (expressed as 
the natural logarithm of the mole ratio of dyes to amphiphiles3). We used this relationship together with 
equation 1 in the main text to calculate the surface area of vesicles. Error bars correspond to standard 
deviations from 2 independent measurements. This plot is reproduced from Todd et al. 2022 with 
permission of the authors3.  

A 

B 
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Figure S9: Replicate experiments 1 and 2 support the conclusion in Fig. 3C that the surface area of gel 
phase vesicles does not grow after additions of micelles. Experiment 1 was performed using an Eppendorf 
MasterCycler Gradient Thermal Cycler; fluid phase vesicles were maintained between 24.9°C and 25.1°C, 
and gel phase vesicles were maintained between 7.2°C and 7.7°C. Experiment 2 was performed as 
described in Fig S5; fluid phase vesicles were maintained between 23.6°C and 26.4°C, and gel phase 
vesicles were maintained between 0.9°C and 2.5°C. 

  

 Experiment 3 (Fig 
3C) 

 Experiment 2  Experiment 3 (Fig 3C)  Experiment 1  
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Figure S10: A repeat of the experiment reported in Fig. 3D of the main text confirms that vesicles grow 
after their membranes become fluid, even if micelles were added when the membranes were in the gel 
phase.  

 

  

 Experiment 2 (Fig 3D)  Experiment 1 
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Figure S11: The two independent control experiments in this figure show that the surface area of fatty 
acid vesicles does not change when micelles are not added. Unlike the experiment reported in Fig 3, in 
which 10 μL of micelles (1M decanoic acid in 1 M NaOH) were added to 90 μL of vesicles, here 10 μL of 
1M NaOH was added to 90 μL of vesicles. Gray points correspond to fluid phase vesicles, and black points 
correspond to gel phase vesicles. 

  

 Experiment 1  Experiment 2 
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Section 3: Additional encapsulation data 

 

 

Figure S12: Vesicles composed of 1:1 decanoic acid: decanol retain encapsulated dye when the vesicles 
are kept on ice (~0°C) for 24 hours. The dotted line indicates the fluorescence intensity following 
disruption of the membrane by Triton X-100. Data are from a single experiment. 
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Figure S13: Vesicles composed of 1:1 tetradecanoic acid: tetradecanol release encapsulated dye after 
brief incubation at room temperature (~20°C). In experiment 1, vesicles were prepared as described for 
12-carbon amphiphiles. In experiment 2, the temperature was raised to 75°C to improve the solubility of 
the amphiphiles during size-exclusion chromatography. In both experiments, fluorescence was measured 
either as close as possible to the initial temperature (60°C or 75°C), or at room temperature (~20°C). The 
dotted line indicates the fluorescence intensity following disruption of the membrane by Triton X-100.  

  

 Experiment 1  Experiment 2 
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Figure S14: Vesicles composed of 1:1 tetradecanoic acid: tetradecanol retain encapsulated dye after 2 hrs 
in the gel phase (40°C). Vesicles were prepared as described for 12-carbon amphiphiles, except that the 
temperature was raised to 75°C to improve the solubility of the amphiphiles during size-exclusion 
chromatography. At 75°C, the sample contains vesicles that encapsulate dye. Fluorescence was measured 
either as close as possible to the initial temperature (75°C), or to the fluid temperature (60°C). The dotted 
line indicates the fluorescence intensity following disruption of the membrane by Triton X-100. Data are 
from a single experiment. 
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Figure S15: Vesicles composed of 1:1 nonanoic acid: nonanol retain encapsulated dye after 2 hrs at 0°C. 
Vesicles were prepared as described for 1:1 decanoic acid: decanol. The dotted line indicates the 
fluorescence intensity following disruption of the membrane by Triton X-100. Error bars are standard 
deviations from two independent experiments. 
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Figure S16: Vesicles composed of 1:1 nonanoic acid: nonanol release encapsulated dye after complete 
freezing at -20°C and thawing at 25°C. Vesicles were prepared as described for 1:1 decanoic acid: decanol. 
The dotted line indicates the fluorescence intensity following disruption of the membrane by Triton X-
100. Error bars are standard deviations from two independent experiments. 
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Chapter 4:  

Plausible Sources of Membrane-Forming Fatty Acids on the Early 
Earth: A Review of the Literature and an Estimation of Amounts  

 
*This chapter was first published in ACS Earth and Space Chemistry in 2023. It was written in 
collaboration with Zoe R. Todd, Nicholas Wogan, Roy. A. Black, Sarah L. Keller, and David C. Catling. 

 

Abstract 

 The first cells were plausibly bounded by membranes that assembled from fatty acids with at 

least 8 carbons. Although the presence of fatty acids on the early Earth is widely assumed within the 

astrobiology community, there is no consensus regarding their origin and abundance. In this review, we 

highlight three possible sources of fatty acids: (1) delivery by carbonaceous meteorites, (2) synthesis on 

metals delivered by impactors, and (3) electrochemical synthesis by spark discharges. We also discuss 

fatty acid synthesis by UV or particle irradiation, gas-phase ion-molecule reactions, and aqueous redox 

reactions. We compare estimates for the total mass of fatty acids supplied to Earth by each source 

during the Hadean eon, after an extremely massive asteroid impact that would have reset Earth’s fatty 

acid inventory. We find that synthesis on iron-rich surfaces derived from the massive impactor, in 

contact with an impact-generated reducing atmosphere, could have contributed ~102 times more total 

mass of fatty acids than either subsequent delivery by carbonaceous meteorites or electrochemical 

synthesis. Additionally, we estimate that a single carbonaceous meteorite would not deliver a high 

enough concentration of fatty acids (~15 mM for decanoic acid) into an existing body of water on the 

Earth’s surface to spontaneously form membranes unless the fatty acids were further concentrated by 

another mechanism, such as subsequent evaporation of the water. Our estimates rely heavily on various 

assumptions, leading to significant uncertainties; nevertheless, these estimates provide rough order-of-

magnitude comparisons of various sources of fatty acids on the early Earth. We also suggest specific 

experiments to improve future estimates. Our calculations support the view that fatty acids would have 

been available on the early Earth. Further investigation is needed to assess the mechanisms by which 

fatty acids could have been concentrated sufficiently to assemble into membranes during the origin of 

life.
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Main text 

Cells use bilayer membranes to separate themselves from their environment. In modern cells, 

these membranes are composed of phospholipids. During the origin of cells on Earth, more primitive 

membranes likely played a similar role,1 sequestering cellular building blocks2,3 and polymers4. The 

hydrocarbons in modern phospholipids are tails of fatty acids connected by an ester linkage to the 

glycerol backbone. Fatty acids themselves can assemble into membranes. Fatty acids were likely more 

abundant than phospholipids on the early Earth, leading to a common hypothesis that the membranes 

of the first cells were composed of fatty acids1. 

 Fatty acids consist of a hydrocarbon tail and a carboxylic acid headgroup (Fig 1). Saturated fatty 

acids with eight or more carbons in a linear chain can assemble into membranes5. Fatty acids with 

unsaturated6 or branched7 chains can also assemble into membranes, although in these cases it is 

unknown whether the minimum number of carbons for membrane assembly is greater or less than 

eight. Fatty acids with carboxylic acids at both ends of a carbon chain do not assemble into membranes 

on their own, although these dicarboxylic acids can incorporate into membranes when additional types 

of amphiphiles are present8. 

 To form membranes, the solution pH must be within about half a unit of the effective pKa of the 

fatty acid in a bilayer5 (where pKa = –log10 of the equilibrium constant, Ka, for the dissociation of the fatty 

acid into a proton and the negatively-charged amphiphile). If the solution pH is high enough such that 

the vast majority of headgroups are charged, or if the fatty acids have fewer than eight carbons, then 

fatty acids assemble into nanoscale micelles that cannot encapsulate aqueous solutes (Fig 1). On the 

other hand, if the solution pH is low enough that the vast majority of headgroups are uncharged, then 

fatty acids separate into an oil phase9.
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Figure 1: Fatty acid assembly depends on the pH of the surrounding solution. When the pH is below the 
effective pKa of the fatty acids in a bilayer, fatty acids form an oil that is immiscible with the surrounding 
aqueous solution (bottom). When the pH is near the effective pKa, fatty acids assemble into bilayers in a 
membrane (middle). Vesicles, spherical shells of these membranes, may have served as the membrane 
compartments for the first cells on Earth. When the pH is above the pKa of the fatty acids in a bilayer, 
the fatty acids assemble into micelles, which cannot encapsulate aqueous solutes (top). 

 

 Fatty acid membranes provide some advantages for early cell replication compared to modern 

phospholipid membranes9. For example, fatty acid membranes are moderately permeable to salts and 

small organic molecules such as nucleotides, allowing internal replication of nucleic acids, which would 

have been critical for developing cells10.  The surface area of these vesicles increases when they 

incorporate additional fatty acids from the environment into the membrane11,12. A growing vesicle can 

be supplied with fatty acids from micelles11,13, or from other vesicles14. Vesicles that retain fatty acids 

grow while others shrink, which could have enabled competition between primitive cells for a limited 

supply of fatty acids12. After acquiring excess membrane surface area, primitive cells could have divided 

when exposed to modest shear stress13,15. Vesicles of phospholipids do not grow or divide as readily 

because aqueous solubility of a phospholipid with two hydrophobic tails is much lower than the 

solubility of a single-tailed fatty acid, so transfer through aqueous solution is slower16,17. 

 Here, we review how membrane-forming fatty acids could have been supplied on the early 

Earth. We identify three relatively well-characterized sources of abiotic fatty acids: delivery by 

meteorites, synthesis on the surface of metal catalysts, and synthesis by electrochemistry (Fig 2). There 

are also reports of fatty acid syntheses that fall outside these categories, but these have been less 
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robustly investigated. We summarize the important details of the experiments that have been carried 

out and discuss whether similar reactions could have plausibly occurred on the early Earth. Finally, we 

estimate the total mass of fatty acids produced from each of the three relatively well-characterized 

sources during the Hadean eon, when the first cells are hypothesized to have formed18. 

 

Figure 2:  There are three well-characterized sources that could have provided fatty acids to the early 
Earth. A) Carbonaceous meteorites can deliver fatty acids19–22. B) Metal surfaces can catalyze fatty acid 
synthesis. As one example, Nooner and Oro (1979) mixed filings of the Canyon Diablo meteorite 
(containing iron and nickel) with deuterium and carbon monoxide gasses and heated to 400 °C to 
produce fatty acids23.  Similar experiments have used pure Fe, Ni, or Fe- and Ni-containing minerals as 
catalysts, and a variety of carbon and hydrogen sources to synthesize fatty acids (Table 1). C) Fatty acids 
can also be synthesized during electrical sparking (Table 2). As one example, Yuen et al. (1981) used an 
electric discharge to synthesize fatty acids from methane24. 

 

CARBONACEOUS METEORITES DELIVER FATTY ACIDS TO EARTH 

Fatty acids have been detected in a variety of carbonaceous meteorites that have landed on 

Earth19–22, and molecules extracted from at least one such meteorite assemble into membranes25. At 

least 18 different carbonaceous meteorites have been analyzed, and both linear-chain and branched-

chain fatty acids have been identified26. Depending on the type of carbonaceous meteorite, the 
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abundance of membrane-forming fatty acids can range from 1 ppb to 100 ppm by mass26. Recent 

reviews provide detailed analyses of meteoritic fatty acids26,27. Importantly, it remains unclear which 

types of reactions are responsible for synthesizing meteoritic fatty acids in space26. 

Could fatty acids delivered by carbonaceous meteorites have dissolved into water and 

assembled into membranes? Meteorites can fragment in airbursts during passage through the 

atmosphere, allowing some fatty acids to remain intact28,29. Meteorites with radius less than 100 m tend 

to fragment when differential pressure across the small body exceeds the material strength28. The 

Chelyabinsk ordinary chondrite meteorite (radius ~ 10 m) that fell in Russia in 2013 fragmented at an 

altitude above 25 km, and fragments were spread into an area 250 – 300 km2 around the trajectory30. 

The largest fragment was ~ 0.7 m mean diameter and fell into a a lake. Fatty acids in carbonaceous 

chondrites would likely be similarly dispersed over a wide spatial area. 

When meteorite fragments disperse into water on Earth’s surface, fatty acids can dissolve. 

Numerical models suggest that nucleobases leach out of 20 cm meteorite fragments and mix into 

surrounding water within about three years29. At moderately alkaline pH, fatty acids can be even more 

soluble because of their charged headgroup. However, in order for fatty acids to assemble into 

membranes, the fatty acids must accumulate in solution above the critical vesicle concentration 

(~15 mM for decanoic acid3). If fatty acids are present at concentrations below the critical vesicle 

concentration, membrane assembly does not occur. 

 Here, we use the measured abundance of decanoic acid (a 10-carbon fatty acid) in 

carbonaceous meteorites26 to calculate the volume of a meteorite fragment that would be required to 

deliver enough decanoic acid into water so that the concentration of decanoic acid equals the critical 

vesicle concentration. Although it is not known precisely how meteorite size, initial velocity, or impact 

angle influences the fraction of fatty acids that survive impact, we note that a large portion of the 

meteorite’s initial mass (and thus a large portion of its fatty acids) may be destroyed by ablation and 

heating during travel through the atmosphere31–33. Given that our estimates rely on the average mass 

fraction of decanoic acid that has been recovered from natural carbonaceous meteorites, and that we 

do not know a priori the mass, velocity, and impact angle of each meteorite, we assume the measured 

fatty acid abundances represent the average survival over the entire population of possible impacts. 

Although this assumption introduces potential errors, a more precise calculation is beyond the scope of 

this study. 
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  The volume of a meteorite fragment (Vmeteor, expressed in m3) that would be required to deliver 

enough decanoic acid to reach the critical vesicle concentration as a function of water volume (Vwater, 

expressed in m3) is given by equation 1:  

   𝑉+,-,./ =
'010	345)67	8

9	:
     (1) 

where Ccvc is the critical vesicle concentration for decanoic acid (1.5 x 10-5 moles/m3 of water, equivalent 

to 15 mM), w is the molar mass of decanoic acid (0.1723 kg/mole), a is the dimensionless fraction of the 

meteorite’s mass that is decanoic acid (2x10-5 for CM2 type meteorites), and 𝜌 is the meteorite density 

(2100 kg/m3 for CM type meteorites). 

The result of our estimate is shown in Fig. 3. To deliver enough decanoic acid to form 

membranes, the volume of the meteorite fragment would have to exceed the volume of the waterbody. 

If a meteorite fragment were to land in a large enough waterbody to submerge the fragment, the 

decanoic acid that subsequently dissolved in the water would be too dilute to form membranes. 

However, this does not rule out membrane formation. The concentration of fatty acids could increase 

during dry periods, accompanied by a net loss of water due to evaporation34. Although we limited our 

calculation to decanoic acid because the critical vesicle concentration has been measured, a range of 

fatty acids from 8 to 12 carbons can be delivered simultaneously during a meteorite impact. The 

presence of these additional fatty acids could enable membrane formation at lower concentrations of 

decanoic acid35,36. We do not consider that CM type meteorites can contain significant water (up to ~9% 

by mass37). If all meteoritic fatty acids were to somehow dissolve in only this meteoritic water, the 

concentration of decanoic acid could exceed the critical vesicle concentration; this can be interpreted as 

an upper limit for the concentration of fatty acids delivered by a meteorite.  

To conclude our section on carbonaceous meteorites, we find that meteorite delivery was 

unlikely to directly yield high enough aqueous concentrations of fatty acids to form membranes on the 

early Earth. Additional processes would have been necessary to further concentrate fatty acids above 

the critical vesicle concentration, which we cannot rule out. 
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Figure 3:  A single fragment of a carbonaceous meteorite cannot directly deliver enough decanoic acid 
to a body of water to form membranes. To exceed the critical vesicle concentration (~15 mM)3, the 
volume of the meteorite would exceed the volume of the water. However, subsequent evaporation of 
the water could concentrate decanoic acid and enable membrane formation. A CM2 type meteorite is 
assumed because it contains the most decanoic acid on average (20 ppm by mass26). The density of CM-
type meteorites is 2100 kg/m3 38. Only meteorites with radii less than 100 m (~106 m3 for a spherical 
meteorite) can fragment and impact the Earth’s surface with low enough energy to preserve fatty 
acids28,29. See equation 1 for details of the calculation. 

 

CATALYSIS OF FATTY ACID SYNTHESIS BY METAL SURFACES 

 The most commonly reported abiotic synthesis of fatty acids involves catalytic metal surfaces. 

Within this class of syntheses, Fischer-Tropsch reactions are the most thoroughly investigated. Fischer-

Tropsch reactions occur when H2 and either CO or CO2 adsorb onto a metal surface39,40. Surfaces of solid 

iron or nickel are most commonly tested, although FeS, NiS, and Fe3O4 minerals have also been used to 

produce fatty acids41–44. In most experiments, metal surfaces must be heated above 150 °C to produce 

fatty acids. Catalysts contain metals in their reduced form; synthesis of membrane-forming fatty acids 

(at least 8 carbons) has not been demonstrated on oxidized metal surfaces23,45–48. Synthesis of fatty acids 

seems to occur at the gas-solid interface (Figure 4). Even in experiments designed to eliminate gaseous 

headspace, reactions are suggested to proceed in gaseous bubbles within the aqueous solution48. 

Whether or not an explicit gaseous headspace is present, the carbon-containing precursors are generally 
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supplied as gases. However, for experimental convenience in hydrothermal experiments, both formic 

acid and oxalic acid have been used as aqueous starting materials for fatty acid synthesis because both 

compounds decompose into H2 and CO2 at temperatures above 150°C49. 

 

    

Figure 4: Fatty acid synthesis occurs at the interfaces between reducing metal surfaces and a gaseous 
headspace. A) Nooner and Oro (1976, 1979) showed that deuterium and carbon monoxide gases react 
together on the surface of hot (400°C) meteorite filings to produce membrane-forming fatty acids23,50. 
When the meteorite filings were artificially oxidized, fatty acid synthesis was not observed23. B) In 
hydrothermal experiments, McCollum et al. (1999) report that synthesis of membrane-forming fatty 
acids occurs within gaseous bubbles adsorbed onto oxidation-resistant stainless steel surfaces49. When 
oxidized metal surfaces are present instead of stainless steel, only short chain (< 5 carbons) fatty acids 
are formed23,45–48. In these hydrothermal experiments, aqueous formic acid or oxalic acid is used for 
experimental convenience as a source of H2 and CO2. 

 

 Metal-catalyzed reactions generally create a diverse mixture of product types, including 

hydrocarbons and fatty alcohols in addition to fatty acids48,49,51–54. For each type of product, molecules 

with more carbons are less abundant40. Many experiments have produced only short chain carboxylic 

acids, containing fewer than the 8 carbons required for membrane assembly5 (Figure 5).  The carbon 

chain of a fatty acid could be elongated upon further reaction with a metal catalyst40, although 

additional experiments are required to validate this hypothesis.  Table 1 summarizes experiments in the 

literature that have produced fatty acids using metal catalysts.  
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Figure 5: Length of fatty acids delivered by meteorites (labeled “Meteor.”) or produced in abiotic 
synthesis experiments. Fatty acids with at least eight carbons, indicated by the dashed red line, can 
assemble into membranes. All the fatty acids produced are saturated and unbranched (except in 
Scheidler et al. 2016, where experiments also produced unsaturated fatty acids). Note that detection of 
a fatty acid with a certain length may not have been attempted during every experiment. 

 

 Metal-catalyzed reactions could have occurred on the early Earth after meteorite impacts, which 

delivered iron, nickel, and heat. Meteoritic metals could have been exposed to atmospheric H2, CO2, and 

CO, enabling surface-catalyzed synthesis of fatty acids. Extremely large impactors, about the size of the 

asteroid Vesta (~1020 kg), could have transformed the Earth into a global Fischer-Tropsch reactor with 

surface temperatures >100°C and high partial pressures of H2, CO2, and CO for thousands of years55. 

Catalytic metal surfaces would be required to produce fatty acids, so future research in this area will be 

especially valuable if it constrains the location and quantity of reduced metals after such impacts56. 

Although a large impact would have been catastrophic for any life that was already present on Earth, it 

could have potentially seeded Earth’s post-impact surface with fatty acids and other necessary 

biomolecules, enabling life to emerge subsequently57. 

 Ground-breaking experiments by Nooner and Oro (1976, 1979) modeled a post-impact scenario 

for fatty acid synthesis23,50. It remains uncertain how the yield of fatty acids depends on experimental 
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parameters such as partial pressure and temperature. Kinetic models for the Fischer-Tropsch process 

have been developed in industrial settings, which generally do not mimic plausible early Earth 

conditions, and the quantitative form of the models depends on the design of the reactor58. Until 

experiments are conducted to understand how fatty acid production depends on reaction parameters 

more relevant to the early Earth, there will be substantial uncertainty in estimates of production of fatty 

acids by metal catalysts on the early Earth. 

Another natural setting in which metal catalyzed synthesis of fatty acids might occur are 

hydrothermal environments, where conversion of CO2 and H2 into fatty acids is thermodynamically 

favorable59. Fatty acids have been detected in natural hydrothermal systems; however, it is unclear what 

fraction of those fatty acids were produced by modern cells60. Ultramafic rocks (relatively Fe and Mg-

rich, and Si-poor) are common at some deep sea hydrothermal vents61. Could metal-rich minerals within 

these rocks serve as catalysts for fatty acid synthesis? To address this question, we consider the 

oxidation state of the mineral surface. Ultramafic mineral surfaces become oxidized by reacting with 

seawater and generating H2 in serpentinization reactions62. As noted above, to date there have been no 

reports of synthesis of membrane-forming fatty acids (at least 8 carbons) on oxidized metal surfaces23,45–

48. Laboratory experiments failed to produce fatty acids with more than 2 carbons when oxidized olivine 

(ultramafic mineral with general composition (Fe, Mg)SiO4) was the sole catalyst45. In these experiments, 

the olivine was heated in water for 96 days to allow ample time for oxidation by serpentinization, and 

formic acid was included as an additional source of H2
45. It is unknown whether olivine surfaces could 

catalyze fatty acid synthesis before becoming oxidized during serpentinization. 

Hydrothermal experiments with oxidation-resistant stainless steel surfaces – clearly not natural 

settings – do produce fatty acids from formic acid up to 22 carbons49. However, these experiments also 

permitted vapor-phase reactions, which may have enabled production of longer fatty acids regardless of 



Chapter 4, Main text 

107 
 

the oxidation state of the surface. Thus, in natural hydrothermal settings, it remains unclear if 

catalytically active, reduced mineral surfaces could persist or be replenished quickly enough to catalyze 

fatty acid synthesis. Without a suitable catalyst, fatty acid synthesis would likely be slow or nonexistent 

in hydrothermal environments62. In conclusion, additional experiments are necessary to determine 

whether fatty acids could be synthesized in natural hydrothermal settings. 
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Table 1: Summary of experiments that used metal surfaces to catalyze synthesis of fatty acids. Unless 
otherwise specified, fatty acids were saturated and unbranched. 

Year 
and 
Ref. # 

Explicit 
gas 
phase? 

Explicit 
aqueous 
phase? 

H2 source Carbon source Solid surface Reaction 
conditions 

Number of 
carbons per 
fatty acid 

197650 Yes No D2 (g) CO (g) Meteorite filings 
and K2CO3 

50 hrs at 370°C 10 - 16 

197923 Yes No D2 (g) CO (g) Meteorite filings 
(containing iron 
and nickel) and 
carbonate salts 

48 hrs at 400°C 5 - 21 

199741 Yes Yes N/A  CO (g) and 
CH3SH (aq) 

NiS - FeS 1 week at 100°C 2 

199949 Yes Yes Formic acid or 
oxalic acid (aq) 

Formic acid or 
oxalic acid (aq) 
 

Stainless steel > 48 hrs at 175°C 6 - 22 

200151 No Yes Oxalic acid (aq) Oxalic acid (aq) Stainless steel 48 hrs at 100°C 7 – 18 

200363 Yes No N/A CH4 and CO2 5% Pt/alumina 2 hrs with 
temperature 
increasing from 200 
to 400°C 

2 

200464 No Yes Formic acid (aq) Nonane-thiol Ni0 * 6 hrs at 250°C and 
200 Mpa 

10 - 13 

200452 No Yes Oxalic acid (aq) Oxalic acid (aq) Stainless steel 18 hrs at 300°C 8 - 20 

200648 No Yes Formic acid (aq) Formic acid (aq) Powdered iron 86 hrs at 250°C and 
325 bar 

2 - 4 

201065 Yes Yes Water (l) ** 
 

CO2 (aq) Iron 
nanoparticles 

25-200 hrs at fixed 
temp from 80-200°C  

1 - 2 

201666 Yes Yes N/A Formamide Meteorite 
powder 

24 hrs at 140°C 16, 18 

201642 Yes Yes N/A CO (g) and 
acetylene (g) 

NiS 1 week at 105°C and 
2.5 bar 

Saturated: 3, 5 
Unsaturated: 3, 
5, 7, 9 

201853 No Yes Oxalic acid (g) Oxalic acid (g) Stainless steel > 66 hrs at 175°C 7 - 26 

201867 Yes Yes N/A CO2 (g) Fe0, Ni0, Co0 16 hrs at fixed temp 
from 30-150°C 

1 – 2 

201954 Yes Yes N/A HCN, Na2CO2, 
formaldehyde 

Macroporous Ni
 

 Multi-step reaction 2 - 10 

202043 No Yes Water (l) CO2 (aqueous) NiS - FeS 50 min at room 
temperature 

1 

202044 Yes Yes H2 (g) CO2 (g) Fe3S4, Fe3O4, 
Ni3Fe 

0-24 hrs at fixed 
temp from 60-100°C  

1 -2  

 
Note: The minimum and maximum length fatty acids may have been synthesized during separate experiments that were reported in the same 

reference. 
*  Other minerals were tested as well, although reactions with Ni0 produced linear fatty acids with the greatest number of carbons. 
** H2 is generated when water oxidizes the Fe  
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ELECTROCHEMICAL SYNTHESIS OF FATTY ACIDS 

Electrochemical reactions can generate diverse organic compounds, including amino acids68,69, 

nucleobases70, and fatty acids. For example, spark discharges between an electrode in the gaseous 

headspace and another electrode in either the same headspace71 or in solution24,72 can produce fatty 

acids. In the experiments summarized in Table 2, CH4 in the gaseous headspace served as the source of 

carbon in three of the four experiments generating linear fatty acids of varying lengths, with only one 

experiment reporting chains long enough (at least 8 carbons) to form membranes71.  An additional 

electric discharge experiment produced carbon chains of 2 - 6 carbons with carboxylic acids on both 

ends73. 

The goal of most electrochemical experiments is to simulate lightning strikes through a 

methane-rich atmosphere on the early Earth. However, attributes of natural lightning strikes are 

challenging to reproduce in the laboratory. Criado-Reyes et al. (2021) used a Tesla coil that generated a 

3x104 Volt potential for 7 days at room temperature71. In contrast, a natural lightning strike generates a 

potential of about 108 V for < 1 second74, and temperatures of the air surrounding a lightning strike can 

reach 30,000°C75. Unfortunately, experimental evidence is lacking to describe how fatty acid yields 

depend on the voltage, duration, or total energy dissipated by laboratory sparking. Chyba and 

Sagan (1991) assumed that electrochemical production of organic molecules on early Earth should 

depend on the total amount of electrical energy dissipated by lightning strikes and coronal discharges76. 

Additional experiments are needed to validate this assumption.  

Only slightly more is known about the role of the atmosphere and solid surfaces during 

electrochemical synthesis. Experiments by Schlesinger and Miller (1983) have shown that the yield of 

amino acids during sparking increases with partial pressure of CH4
77; similar experiments with fatty acids 

are still needed. Borosilicate glass as a substrate has also been shown to increase the yields of 

electrochemical fatty acid synthesis71. Although borosilicate does not occur naturally, silicates would 

have been ubiquitous on the early Earth because they are common rock-forming minerals. Additional 

experiments are necessary to better understand how the yields of electrochemical fatty acid production 

depend on the gaseous, solid, aqueous, and electrical environments. Nevertheless, the available 

experimental data suggest that fatty acid synthesis is possible under certain electrochemical conditions. 
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Table 2: Summary of electrochemical experiments that have synthesized fatty acids. All fatty acids were 
saturated and unbranched. 

Year and 
Ref.  # 

Electric discharge description Carbon 
source 

Reaction conditions Number of carbons 
per fatty acid 

196772 1 electrode in solution, 
1 electrode in headspace 

CH4 (g) 96 hrs of discharge 2 – 5  

198124 1 electrode in solution, 
1 electrode in headspace 

CH4 (g) 24 hrs of discharge; pH = 8 2 - 7 

201578 Both electrodes in solution CO2 (aq) 150 hrs with electric potential cycling 
from -0.8 V to 0.2 V 

1 – 2 

202171 Both electrodes in headspace CH4 (g) Discharge alternating on/off for 14 days.  
pH = 8.7.  Room temperature. 

6, 9 

 

 

ALTERNATIVE TYPES OF FATTY ACID SYNTHESIS 

In addition to the three main sources reviewed above, there are references in the literature to 

four alternative types of fatty acid synthesis (Figure 6, Table 3). These include photochemical 

reactions54,79, irradiation by massive particles80,81, gas-phase ion-molecule reactions82, and redox 

reactions in aqueous solution83–85. 

There have been two reports of fatty acid synthesis by UV photochemistry. By irradiating a 

gaseous mixture of ethane and ammonia above boiling water (Figure 6A) at 185 nm and 254 nm, Groth 

and Weyssenhoff (1960) generated fatty acids 1-5 carbons long79.  Bonfio et al. (2019) used a multi-step 

procedure to synthesize longer-chain fatty acids capable of membrane assembly54. UV irradiation at 254 

nm was used in one step, and catalysis by a nickel surface was used in a subsequent step. 

Photochemistry could provide a plausible explanation for the presence of fatty acids on the surface of 

the early Earth because UV radiation down to ~200 nm could have penetrated prebiotic atmospheres86. 

The experiments by Groth and Weyssenhoff (1960) did not generate fatty acids when methane was used 

instead of ethane79; further investigation is needed to determine whether radiation from realistic early 

Earth solar spectra could have enabled photochemical conversion of methane into fatty acids. In 

contrast, Bonfio et al. (2019) used starting materials that are more plausibly prebiotic such as 

formaldehyde, HCN, NaH2PO4, Na2CO3, and NaSH54, but these reagents impose a constraint on the 

geochemical scenario for the early Earth. In a separate experiment by Dworkin et al. (2001), membrane-

forming amphiphiles were synthesized by irradiating ultra-cold ices composed of 100:50:1:1 
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H2O:CH3OH:NH3:CO with 121.6 nm and ~160 nm UV photons, although the identity of these amphiphiles 

was not determined87.  

 

 

Figure 6: Alternative reaction types that have demonstrated fatty acid synthesis. A) Groth and 
Weyssenhoff (1960) used UV photochemistry to convert ethane into fatty acids79. B) Kaiser et al. (1995) 
irradiated an ultra-cold (10K) mixture of ~99% CH4 and ~1% O2 with 9 MeV alpha particles to produce 
fatty acids80. C) Blagojevic et al. (2003) report reactions between gas phase ions (CH2

+ and C2H4
+) and CO 

to produce in fatty acids82. D) Novotny et al. (2008) report decomposition of monosaccharides into fatty 
acids under mild alkaline conditions (50 mM NaOH)84. 

 

The second type of “alternative” fatty acid synthesis is irradiation by particles. Experiments of 

this type were designed to simulate chemistry in the outer solar system, rather than the early Earth. By 

irradiating an ultra-cold (10 K) mixture of ~99% CH4 and ~1% O2 with 9 MeV alpha particles, Kaiser et al. 

(1995) produced linear fatty acids with either 13, 15, or 17 carbons80 (Figure 6B). In a subsequent 

experiment by Kim et al. (2010), an ultra-cold (10 K) mixture of CO2 and hydrocarbons (1 – 6 carbons) 

was irradiated with 5 keV electrons. The presence of carboxylic acids was confirmed by Fourier-

transform infrared spectroscopy, but specific fatty acids were not identified81.  
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A third alternative fatty acid synthesis is discussed by Blagojevic et al. (2003). In their 

experiments, reactions between gas phase ions (CH2
+ and C2H4

+) and molecules (CO) resulted in 

carboxylic acids with 2 or 3 carbons (Figure 6C). Additional gas-phase ion-molecule reactions to produce 

formic acid (e.g. CH4 + O2
+ à HCOOH2

+ + H) have been suggested but not validated experimentally88. 

These reactions were suggested to occur in the interstellar medium, and the relevance to early Earth 

conditions has not been explored. 

The fourth group of lesser studied fatty acid syntheses are redox reactions. Three sets of redox 

reactions have been shown to produce fatty acids in solution. The first experiments from Sato et al. 

(2000) use hydrogen peroxide to oxidize fatty aldehydes (7 - 8 carbons) to produce fatty acids with the 

same carbon chain length85. It is unlikely that sufficient hydrogen peroxide would have been present on 

the early Earth89. In the second set of experiments, Novotny et al. (2008) report decomposition of 

monosaccharides (3 - 6 carbons) into linear carboxylic acids (1 – 3 carbons) under mild alkaline 

conditions (50 mM NaOH, Figure 6D)84. Diverse monosaccharides are obtained in low yield during the 

formose reaction90, and alkaline lakes on early Earth could have been sites for decomposition into short 

chain fatty acids91,92. Finally, Lowe et al. (1963) report production of formic acid and potentially other 

carboxylic acids by heating a mixture of ammonia and hydrogen cyanide to 90°C83. Hydrogen cyanide is 

considered a prebiotic reagent that can be sequestered and concentrated as ferrocyanide within early 

Earth environments91,93. 

There are numerous additional pathways for synthesis of short-chain (1 – 3 carbons) linear fatty 

acids94, but because membrane assembly requires fatty acids with at least 8 carbons, we have generally 

omitted them. We are unaware of any abiotic mechanisms by which carbon chains of existing fatty acids 

are elongated. Modern cells synthesize fatty acids from acetyl-CoA using the sophisticated enzyme 

complex fatty acid synthetase95. Because the intermediate compounds that are produced during this 
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process are unstable, it is believed that fatty acid synthesis via these reactions would have occurred at a 

negligible rate on the early Earth before the emergence of enzyme catalysts96. Finally, thermodynamic 

calculations suggest that fatty acids can be synthesized from polyaromatic hydrocarbons97, but, to our 

knowledge, this synthesis has never been demonstrated experimentally. 

 

Table 3: Summary of experiments that have synthesized fatty acids by the mechanisms illustrated in Fig. 
6. All fatty acids were saturated and unbranched. 

Year and 
Ref.  # 

Reactants Reaction conditions Number of 
carbons per 
fatty acid 

Photochemistry 

196079 Ethane, NH3, H2O 1 week of UV irradiation                                                                            
(185 and 254 nm) 

1 - 3 

201954 HCN, Formaldehyde, Na2CO2 Multi-step reaction                                                                                                
(254 nm UV irradiation and catalysis by Ni surface) 

2 - 10  

Irradiation by massive particles 

199580 CH4, O2 Irradiation with 9 MeV alpha particles at 10°K 13, 15, 17 

201081 CO2, hydrocarbons (1 – 6 carbons) Irradiation with 5 keV electrons at 10°K Undetermined 

Gas-phase ion-molecule reactions 

200382 CO and either CH2
+ or C2H4

+ CH4 and C2H4 are ionized and reacted together 
in the presence of He and trace H2O at 0.35 torr 
and room temperature.* 

2 - 3 

Redox reactions in solution 

196383 HCN, NH3 90°C for 18 hrs 1 

200085 Fatty aldehydes (either 7 or 8 
carbons) 

30% H2O2 solution at 90°C for 2 hrs 7 or 8 

200884 Either Glucose, fructose, 
arabinose, glyceraldehyde, or 
dihydroxyacetone 

50 mM NaOH for 1 hr 1 - 3 

       * The authors suggest that their synthesis models low temperature, low pressure environments. 

 

CRITICAL ANALYSIS OF ANALYTICAL TECHNIQUES  

 Many of the reactions discussed above produce a wide variety of fatty acids and other products.  

Uniquely identifying products can be challenging, and determining the concentration of each product is 
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even more difficult. In Table 4, we summarize the reported concentrations of fatty acids from each 

experiment, and comment on potential limitations of the analyses.  In general, the papers in Table 4 

convincingly identify fatty acids of various lengths, but do not provide substantial evidence for the fatty 

acid concentrations that they report.  Moreover, many papers report only relative concentrations of 

fatty acids (e.g., X% of all products, by mass or moles) instead of absolute concentrations (e.g., X moles 

or X grams), so it is difficult to compare product yields between experiment types. An ideal strategy for 

characterization and absolute quantitation of fatty acids was employed by Yuen et al. (1981), which 

involved chromatography and tandem mass spectrometry with isotope-labelled internal standards to 

eliminate matrix effects24. Additional synthesis experiments that determine the absolute concentration 

of fatty acids would be valuable. 

 

ESTIMATING THE CONTRIBUTION OF EACH SOURCE TO THE EARLY EARTH FATTY ACID INVENTORY 

 To gauge the relative importance of each fatty acid source for the origin of cells, we go beyond 

purely reviewing the literature, with a goal to estimate how much fatty acid could be supplied to the 

early Earth from three sources: delivery by carbonaceous chondrites, catalysis by metal surfaces, and 

electrochemistry. Many relevant parameters for these estimates lack experimental constraints, so 

assumptions are needed. Our first assumption is that cells formed during the latter part of the Hadean 

eon; the full eon is ~4.6 to 4.0 billion years ago (Gya)18. During the early Hadean, Earth was potentially 

hit by impactors that were large enough to sterilize the planet’s surface and reset the fatty acid 

inventory, so life must have originated after the last such event98. The median age of estimates for the 

last ocean-vaporizing impact is ~4.3 Gya99, and we assume that life had originated by 4.0 Gya18. In the 

subsections below, we construct back-of-the-envelope estimates for the total mass of fatty acids 

supplied to Earth during this interval. Our estimates are based on empirical data from the literature, and 
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we indicate when existing models from the literature are applied. We articulate our assumptions and 

suggest experiments that will help to refine these estimates. Our estimates cannot distinguish fatty acids 

that form membranes (more than 8 carbons) from those that do not (less than 8 carbons) because the 

empirical data that one of our estimates relies on does not do so. 

Meteorite delivery 

 We estimate the total mass of 2-12 carbon fatty acids delivered to Earth by carbonaceous 

meteorites, Ms, using the following equation:  

𝑀= = 𝑀>𝑓@

A&

@B&

 

        (2) 

In equation 2, fL is the dimensionless fraction of a meteorite’s mass that comprises fatty acids of length 

L, where length denotes the number of carbons in the fatty acid chain. Values for fL depend on the type 

of carbonaceous meteorite, and average values can range from 10-9 for 10-carbon fatty acids to 10-3 for 

2-carbon fatty acids26. Parameter M is the time-integrated total mass of carbonaceous meteorites with 

radius 1-100 m that would impact Earth from 4.3 Gya to 4.0. To estimate M, we integrate the following 

equation for the mass flux (kg/year) at time t (years) in the past from 4.3 Gya to 4.0 Gya: 

𝑚̇ = 8.9𝐶(1	 +	1.6 × 10OAP𝑒- R⁄ )	(𝑚UVW
P.XY −𝑚U[\

P.XY)𝑞              (3) 

This equation is adapted from Chyba and Sagan (1992)100. In equation 3, 𝑚̇ is the mass flux (mass/year) 

of the total mass of carbonaceous meteorites with mass from mmin to mmax that would impact Earth per 

year; C is the frequency of carbonaceous meteorites relative to all types of meteorites (~4%) observed in 

the meteorite fall record101; 𝜏 is a decay constant of 144 million years for the impactor population; mmin 

is taken as the mass of a meteorite with 1 m radius; mmax is taken as the mass of a meteorite with 100 m 
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radius; and q is 1 kg0.54/year. We assume that all meteorites are spherical with a uniform density (2.1 

g/cm3 for CM-type meteorites38 or 3.2 g/cm3 for C2-type meteorites 102), so we can calculate the mass of 

a meteorite in kilograms from its radius in meters. Meteorites with radius less than 100 m can fragment 

into pieces that impact the Earth’s surface with low enough energy that fatty acids are preserved28,29. 

Using equation 3, we estimate that ~1015 kg of carbonaceous meteorites with radii between 1-100 m 

would impact Earth from 4.3 Gya to 4.0 Gya. 

Assuming that all carbonaceous meteorites are either CM1-type or C2-type, we use equations 2 

and 3 to calculate bounds for the total mass of fatty acids of length 2-12 carbons that could have been 

delivered to Earth from 4.3 Gya to 4.0 Gya. We find that 1010 - 1013 kg of fatty acids of length 2-12 

carbons could have been delivered to Earth from 4.3 Gya to 4.0 Gya by carbonaceous meteorites. Our 

estimate varies over three orders of magnitude because the abundance of fatty acids on each type of 

meteorite (fL) varies considerably between different meteorite types. We consider only carbonaceous 

chondrites because they are the most well-characterized type of meteorite that can deliver fatty acids. 

We do not quantify additional uncertainties in the meteorite flux, nor do we quantify the influence of 

meteorite size, impact velocity, and impact angle on the fraction of fatty acids that survive impact103.  

Catalysis by metal surfaces after Vesta-sized impact 

 Next, we consider fatty acid synthesis on metal surfaces in the wake of a large Vesta-sized (~1020 

kg) asteroid impact on the early Earth. Such an impact would deliver iron to Earth’s surface which could 

both act as a catalyst for fatty acid synthesis and generate a H2-rich atmosphere by reactions with steam 

from the vaporized ocean57, as in equation 4:  

H2O + Fe à H2 + FeO                                                       (4) 
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An H2-rich atmosphere appears to be required for fatty acid synthesis by metal catalysts (Table 1). Such 

a massive asteroid impact would generate a high enough surface temperature to destroy most organic 

molecules on Earth; then as the Earth cooled, synthesis of fatty acids could occur in the H2-rich 

atmosphere. We consider only the last impactor that would reset Earth’s fatty acid inventory, which 

most likely hit Earth between 4.4 – 4.1 Gya99. Significantly smaller meteorite impacts would not 

generate high partial pressures of H2 in the atmosphere because H2 escapes to space on timescales of ~ 

106 – 107 years. Additionally, small impactors would not generate global surface temperatures above 

200°C, which we assume is the minimum temperature required for fatty acid synthesis. Therefore, 

smaller impactors would not produce many fatty acids, and we do not consider their contribution here.  

 To estimate the total mass of fatty acids synthesized by metal catalysts after such an impact, Mc, 

we assume that the rate of fatty acid synthesis depends linearly on gas pressures according to the 

following equation: 

𝑀_ = ∫ 𝑘_	𝑚_9-	𝑃c&(𝑡_	)	𝑃'e(𝑡_	)	𝑑𝑡_	
-g((	
-h((	

                                              (5) 

Here, kc is an empirical rate constant for fatty acid synthesis, calculated from the results of experiments 

at 400°C by Nooner and Oro (1979). Nooner and Oro (1979) provide the only measurement to date of 

the absolute concentration of fatty acids produced on a metal catalyst in the absence of an aqueous 

phase. The value of kc is 7.4x10-6 kilograms of 6-18 carbon fatty acids (excluding 12-carbon fatty acids, 

for which data are not available) per bar of H2, per bar of CO, per hour of reaction time, per kilogram of 

catalytic surface available23. Only the summed mass of all fatty acids is reported in Nooner and Oro 

(1979); there is no information given about the number of moles of individual fatty acids. Here, mcat is 

the mass of available metal catalyst, in kilograms. 𝑃c& and 𝑃'e are the atmospheric partial pressures of 

hydrogen and carbon monoxide, respectively, in bar; both are functions of time, tc. The product is 

integrated over time from t400 to t200.  t400 is the number of hours after the impact until the surface 
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temperature reaches 400°C, and t200 is the number of hours after the impact until the surface 

temperature cools to 200°C. We assume that fatty acid synthesis occurs at a constant rate kc when the 

temperature is within this range, and that the reaction does not occur when the temperature is outside 

this range. 

 We assume that 33% of the asteroid’s mass is iron, and that 7% of this iron (i.e. 2.3% of the total 

asteroid mass) remains available on Earth’s surface to catalyze fatty acid synthesis (giving mcat = 

2.3x1018 kg) based on a linear extrapolation of the impact simulation performed by Citron and Stewart 

(2022)56. The assumption of ~33% mass iron follows Zahnle et al. (2020)55, which is the total iron in high 

iron enstatite (EH-type) meteorites104 and also the fraction of Earth’s mass in its iron core105. Bodies with 

enstatite composition are candidates for impactors that hit the Earth after the Moon-forming impact 

and Earth’s core formation, although the contribution of carbonaceous versus enstatite compositions is 

debated106–108. In EH enstatites, which are highly reduced, most of the iron is metallic with a smaller 

fraction of iron sulfide109. In a post-impact vapor plume, the iron is vaporized into atoms, which 

condensation sequences show condenses to form metallic iron with subsequent cooling110. 

 We assume that another fraction of the asteroid’s iron (between 1% and 90%) is used to 

generate H2 from excess H2O according to equation 4. We adapted a thermochemical model previously 

developed by Zahnle et al. (2020) to compute 𝑃c&, 𝑃'e, and temperature as a function of time after the 

impact55. Depending on the fraction of the asteroid’s iron that reacts with water to produce H2 gas, we 

find that 𝑃c& ranges from 10-3 bar to 10-1 bar, and 𝑃'e ranges from 10-3 bar to 10-7 bar. We calculate that 

the Earth’s post-impact temperature would be between 200˚C and 400˚C for ~1000 years, and we 

assume that fatty acid synthesis occurs at a constant rate during this time. Equation 5 estimates that 

between 1011 kg and 1015 kg of fatty acids of length 6-18 carbons (excluding 12 carbons, for which data 

are not available) would be synthesized using metal catalysts in the wake of a Vesta-size impactor.  
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 Our estimate for the total mass of fatty acids synthesized by metal catalysts is uncertain because 

many factors in our analysis are poorly constrained. First, it is not known whether reduced metals would 

remain exposed to the atmosphere on Earth’s surface after an extremely massive impact56. Additionally, 

it is unclear how an H2O steam atmosphere would influence the rate of fatty acid synthesis; steam can 

affect the yield of Fischer-Tropsch reactions in different ways, depending on the type of catalyst and the 

type of reaction product111. Even without steam in the atmosphere, it is uncertain whether the rate of 

fatty acid synthesis depends linearly on gas partial pressures. Kinetic models for the Fischer-Tropsch 

process have been developed in industrial settings, which generally do not mimic plausible early Earth 

conditions; functions for each partial pressure depend on the engineered design of the catalyst58. 

Additionally, the effect of temperature on the final product distribution also appears to depend on the 

catalyst design51,112. Separate experiments indicate that the yield of fatty acids depends linearly on the 

amount of catalyst surface area that is available64. In general, further experiments are necessary to 

constrain these reaction parameters and the precise functional form for fatty acid production in 

plausible conditions on the early Earth. 

Electrochemical synthesis 

 We also construct an estimate for the total mass of fatty acids that could be synthesized by 

electrochemistry from 4.3 Gya to 4.0 Gya, 

𝑀i = 𝑅	𝑃'cX	𝐵	𝑡i        (6) 

where R is an empirical rate constant for synthesis of 2 – 7 carbon fatty acids, calculated from 

electrochemical experiments by Yuen et al. (1981). The value of R is 1.1x10-17 kilograms of 2-7 carbon 

fatty acids per bar of CH4, per joule of electrical energy dissipated by sparking, per hour of reaction 

time24. Although there are no electrochemical experiments that provide absolute concentrations for 
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membrane-forming (longer than 8 carbons) fatty acids, Yuen et al. (1981) provide absolute 

concentrations for the largest number of fatty acids. PCH4 is the partial pressure of methane on the early 

Earth, which we estimate to be between 10-15 bar to 10-1 bar after the last Vesta-sized (~1020 kg) asteroid 

impact. This value depends on the initial pre-impact abundance of atmospheric CO2, the fraction of the 

impactor’s iron that becomes oxidized (1 – 100%), and the importance of methane-forming catalysts, 

which may reduce the quench temperature of methane, thereby increasing its abundance55.  B is the 

amount of electrical energy dissipated by lightning and corona discharges on the Hadean Earth during a 

year. We assume that B is 1.5x1018 joules per year, which is the electrical energy dissipated per year on 

the modern Earth76. tE is the reaction time in years. We assume tE is 105 years, which is an estimate for 

the lifetime of a methane-rich atmosphere after a Vesta-sized (~1020 kg) asteroid impact55.  

By applying these assumptions, we calculate that 10-4 kg to 1010 kg of fatty acids of length 2-7 

carbons could be synthesized on Earth from 4.3 Gya to 4.0 Gya by electrochemical reactions. Although 

separate experiments have shown that electrochemical production of membrane forming fatty acids 

with more than 8 carbons is possible71, membrane-forming fatty acids were not detected in the 

experiments by Yuen et al. (1981), so our estimate is not directly informative about membrane 

formation on early Earth. More data are needed about the absolute concentration of membrane-

forming fatty acids produced during electrochemical experiments. 

 There are uncertainties in our electrochemistry estimate. First, there is insufficient information 

available to estimate the total energy dissipated by the Tesla coil during the experiments by Yuen et al. 

(1981)24. If we assume that their tesla coil used 30,000 V potential71 and 15 amps, we can estimate that 

~4x1010 joules of energy were dissipated during their 24 hour experiment. Even if we had perfect 

information about the Tesla coil voltage and current, it might not be straightforward to estimate the 

amount of energy that is usable for chemical synthesis113.  Furthermore, we assumed that the yield of 
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fatty acids depends only linearly on the amount of available electrical energy76.  Further experiments are 

necessary to validate this assumption. Experiments by Schlesinger and Miller (1983) suggest that the 

yield of amino acids during sparking does increase linearly with increasing CH4 partial pressure (below ~ 

0.06 bar )77, but further experiments are needed to validate this assumption for fatty acids. 

Summary of estimates 

 We have compared the total mass of fatty acids produced by 3 different sources during the 

Hadean eon, following the last extremely massive impactor that would have reset Earth’s fatty acid 

inventory. We estimate that 1011 kg to 1015 kg of 6-18 carbon fatty acids could have been synthesized by 

metal catalysts derived from the massive impactor. The total mass of fatty acids that could have been 

delivered by carbonaceous meteorites is 1010 kg to 1013 kg of 2-12 carbon fatty acids. The yield of 2-7 

carbon fatty acids from electrochemical processes is potentially smaller, between 10-4 kg to 1010 kg. 

Consequently, an integrated supply of fatty acids to the Earth’s surface from all sources (dominated by 

metal surface production) between ~10-4 kg/m2 to ~100 kg/m2 is possible, given the Earth’s surface area 

of 5.1x1014 m2.  

 Ultimately, the local concentration of fatty acids determines whether or not membranes form, 

so the possible sources should be evaluated by this criterion. Although meteorites could have delivered 

a significant mass of fatty acids across the Earth’s surface, the aqueous concentration of fatty acids in a 

single waterbody would not have been high enough to form membranes without evaporating a 

significant volume of water (Fig 3). In contrast, a local stockpile of fatty acids could have been produced 

on atmosphere-exposed metal surfaces after an extremely massive impact, and subsequent dissolution 

into water could have allowed membrane formation. Although little is known about the electrochemical 

synthesis rate for membrane-forming fatty acids, repeated lightning strikes into the same small 

waterbody seem unlikely, so it is unclear whether a high enough local concentration of membrane-
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forming fatty acids could have formed via electrochemistry. Fatty acids in aqueous solution can be 

degraded via photochemistry114, so fatty acids that are slowly synthesized by electrochemistry may not 

have attained high enough concentrations to form membranes, whereas a large stockpile of fatty acids 

dissolving off metal surfaces may have been less sensitive to photochemical degradation. 

 Although the estimates above have many uncertainties, they are valuable as a first attempt to 

quantitatively compare fatty acid sources on the early Earth. We hope that future experiments can 

further constrain these estimates. 

 

ALTERNATIVE AMPHIPHILES 

 In addition to fatty acids, alternative types of amphiphiles may have been synthesized on the 

early Earth115–117, and these amphiphiles might have incorporated into the membranes of the earliest 

cells. For example, alcohols are commonly produced along with fatty acids in many experiments48,49,51–54, 

and long-chain fatty alcohols are known to stabilize fatty acid membranes5,118. An excess of long-chain 

fatty alcohols form oil droplets, and the oil may disrupt membranes. In addition, phase-separated 

coacervates could have served as another type of prebiotic compartment119,120, and fatty acid 

membranes may have even assembled around such coacervate compartments121. 

 

CONCLUSIONS 

 Fatty acids can assemble into membranes and could have formed the boundaries for the first 

cells. Our review highlights multiple potential sources of fatty acids on the early Earth. The three most 

well-characterized sources are meteorite delivery, synthesis on metal surfaces, and synthesis by 
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electrochemistry. Other reactions involving photochemistry, irradiation by massive particles, ion-

molecule reactions, and diverse redox reactions in aqueous solution may have also produced fatty acids 

in natural environments. To refine quantitative estimates for the relative importance of each fatty acid 

source, more detailed constraints are needed. We highlight the following questions to help any future 

experiments have the widest possible impact: 

• How do the yields of fatty acids from metal-catalyzed reactions depend on the temperature and 
the partial pressures of gasses such as H2, CO2, and H2O? Data would help to constrain estimates 
for fatty acid production following ocean-vaporizing impacts. 

• Can membrane-forming fatty acids (> 8 carbons) form in hydrothermal experiments with non-
oxidized, ultramafic minerals as the sole catalyst? Data would elucidate the potential for fatty 
acid production at hydrothermal vents. 

• How do the yields of fatty acids depend on the voltage, duration, or total energy dissipated 
during electrical sparking? Data would help to constrain estimates for fatty acid production 
during lightning strikes.  

• What are the absolute concentrations of fatty acids in these types of experiments? 

 

 In summary, our analysis suggests that fatty acids could have been available on the early Earth. 

We have not assessed whether those fatty acids would have been sufficiently concentrated to assemble 

into membranes except in the limited case of small meteorite fragments delivered into aqueous 

environments. For fatty acids supplied via alternative sources, further data are required to assess the 

potential for membrane formation. By investigating possible sources of fatty acids on the early Earth, we 

hope to constrain the environmental setting for the origin of cells. 

 
Table 4: Summary of analytical techniques in each report. Unless otherwise specified, fatty acids are 
saturated and unbranched. 

Year 
and 
Ref.  # 

Carbons 
per fatty 
acid 

Yield information Analytical 
techniques 

Identification of products Quantitation of product 
concentrations 
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Method 1: Metal surface catalysis 

197650 10 - 16 None GC-MS Unambiguous identification 
by comparing fragmentation 
spectra from (derivatized) 
products with fragmentation 
spectra from authentic 
standards. 

N/A 

197923 5 - 21 ≤ 0.08 % yield of 
normal fatty acids                                  
(by mass, relative 

to initial CO) 

GC-MS 

 

GC-FID 

Unclear how products were 
identified. Comparisons 
with authentic standards 
were not shown. 

No data were shown to validate 
the FID procedure for 
quantifying product 
concentrations. 

199741 2 ≤ 40% yield (by 
moles, relative to 

initial CH3SH) 

GC-MS Unclear how products were 
identified. Comparisons 
with authentic standards 
were not shown. 

No data were shown to validate 
the GC-MS procedure for 
quantifying product 
concentrations. 

199949 6 - 22 ≤ 20.8% of all 
products are fatty 
acids (by moles) 

GC-MS 

 

GC-FID 

Unambiguous identification 
of select products by 
comparing fragmentation 
spectra and retention times 
with authentic standards. 

No data were shown to validate 
the procedure for quantifying 
product concentrations. 

200151 7 - 18 ≤ 20% yield of fatty 
acids (by mass, 
relative to total 

mass of reaction 
extract) 

GC-MS  Unambiguous identification 
by comparing fragmentation 
spectra and retention times 
with authentic standards. 

No data were shown to validate 
the GC-MS procedure for 
quantifying product 
concentrations. 

200363 2 None Diffuse 
reflectance 
infrared 
Fourier 
transform 
spectroscopy 

Using diffuse reflectance 
infrared Fourier transform 
spectroscopy, experimental 
spectra were compared to 
authentic standards. 

N/A 

200464 10 - 13 C10: 53.7% yield. GC-MS Unambiguous identification 
by comparing fragmentation 
spectra with authentic 
standards. 

Calibration curves were 
described in the text to validate 
the procedure for quantifying 
product concentrations. 
Pentadecane was used as an 
internal standard for all 
compounds. 

200452 8 - 20 2.8% of all 
products are fatty 

acids (unclear 
whether by mass 

or moles) 

GC-MS  Unambiguous identification 
by comparing fragmentation 
spectra and retention times 
with authentic standards. 

No data were shown to validate 
the MS procedure for 
quantifying product 
concentrations. 

200648 2 - 4 C2: 1% yield 

C3: 0.06% yield 

C4: <0.02 % yield 

(by moles, 
relative to initial 

formic acid) 

GC-MS 

GC-FID 

Unclear how products were 
identified. Comparisons 
with authentic standards 
were not shown. 

No data were shown to validate 
the FID procedure for 
quantifying product 
concentrations. 

201065 1 - 2 C2: 9.0 mM 

C3: 3.5 mM 

GC-MS  Unambiguous identification 
by comparing fragmentation 
spectra with authentic 
standards. 

Calibration curves were shown 
to validate the procedure for 
quantifying product 
concentrations. Internal 
standards were not used. 
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201666 16, 18 C16: 0.011% yield 

C18: 0.02% yield 

(by moles, relative 
to initial NH2CHO) 

GC-MS Unambiguous identification 
by comparing fragmentation 
spectra with authentic 
standards and literature 
references. 

No data were shown to validate 
the MS procedure for 
quantifying product 
concentrations. Betulinic acid 
was mentioned as the internal 
standard for all products.  

201642 Saturated: 
3, 5 

Unsaturated: 
3, 5, 7, 9 

C3: 7.1 mM 

C5: 0.3 mM 

C3 unsaturated: 
3.9 mM 

C5 unsaturated: 
7.9 mM 

C7 unsaturated: 
0.44 mM 

C9 unsaturated: 
0.011 mM 

GC-MS For most products, 
unambiguous identification 
by comparing fragmentation 
spectra with authentic 
standards. For select 
products, identification was 
inferred based on mass 
spectra and relative 
retention times. 

Calibration curves were 
mentioned (but not shown) to 
validate the procedure for 
quantifying product 
concentrations. For some 
products, calibration curves 
were made with authentic 
standards. For other products, 
related compounds were used 
for calibration. Internal 
standards were not used. 

201853 7 - 26 

 

7.8% of all 
products are fatty 

acids (unclear 
whether by mass 

or moles) 

GC-MS Unambiguous identification 
by comparing fragmentation 
spectra with authentic 
standards. 

No data were shown to validate 
the GC-MS procedure for 
quantifying product 
concentrations. N-eicosane d42 
was mentioned as the internal 
standard for all experiments.  

201867 1 – 2 Formic acid: 
≤ 0.21% yield 

Acetic acid: 
≤ 0.053% yield 

(by moles, relative 
to initial CO2) 

GC-MS 

 
1H-NMR 

Unambiguous identification 
by comparing GC-MS 
fragmentation spectra and 
retention times with 
authentic standards. 
In addition, H-NMR spectra 
were compared with 
authentic standards. 

H-NMR calibration curves were 
shown to validate the procedure 
for quantifying product 
concentrations. Authentic 
standards were used, and 
DSS-Na was used as an 
internal standard. 

201954 2 - 10 36% of all 8-
carbon products 
are fatty acids 

(by moles) 

1H-NMR Unambiguous identification 
by comparing H-NMR 
spectra with authentic 
standards. 

Data from H-NMR spectra were 
used to determine relative 
abundance of fatty acids. 
Internal standards were not 
discussed. 

202043 1 C1: 1.5 μM 1H-NMR 

 

13C-NMR 

Unambiguous identification 
by comparing H-NMR 
spectra with authentic 
standards. 

H-NMR spectra with an internal 
standard (acetone) were used to 
quantitate formate 
concentration. To validate the 
quantitation, additional formate 
was spiked in and a 
corresponding increase in 
H-NMR signal was observed. 

202044 1 -2 C1: ~20% yield 

C2: ~ 0.4% yield 

(by moles, 
relative to CO2) 

 

LC-MS 

 

LC-UV 

 
1H-NMR 

Unambiguous identification 
by comparing H-NMR 
spectra with authentic 
standards. 

H-NMR calibration curves were 
mentioned (not shown) to 
validate the procedure for 
quantifying product 
concentrations. Authentic 
standards were used, and 
DSS-Na was used as an 
internal standard. 

 

Method 2: Electrochemistry 

196772 2 – 5  C2: 1.2% yield 

C3: 0.86% yield 

C4: 0.088% yield 

GC-MS Unambiguous identification 
by comparing fragmentation 
spectra and retention times 
with authentic standards. 

No data were shown to validate 
the MS procedure for 
quantifying product 
concentrations. 
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C5: 0.066% yield 

(by moles, relative 
to initial CH4) 

198124 2 - 7 C2: 0.10% yield 

C3: 0.68% yield  

C4: 0.014% yield 

C5: 0.0050% yield  

C6: 0.00073% 
yield  

C7: 0.00025% 
yield 

(by moles, relative 
to initial CH4) 

GC-MS 

 

Unambiguous identification 
by comparing fragmentation 
spectra and retention times 
with authentic standards. 

Calibration curves were shown 
to validate the procedure for 
quantifying product 
concentrations. Singly 
deuterated internal standards 
were used for each product. 

201578 1 – 2 C1: ~ 1 μmoles 

C2: ~ 0.5 μmoles 

1H-NMR  Unambiguous identification 
by comparing H-NMR 
spectra with authentic 
standards. 

H-NMR calibration curves were 
shown (for formic acid) to 
validate the procedure for 
quantifying product 
concentrations. Authentic 
standards were used and Me4Si 
was used as an internal 
standard. 

202171 6, 9 C6: ≤ 0.0078% 
yield 

C9: ≤ 0.016% yield 

(by mass, relative 
to total mass of 
reaction extract) 

GC-MS 

 

Unambiguous identification 
by comparing fragmentation 
spectra and retention times 
with authentic standards. 

No data were shown to validate 
the GC-MS procedure for 
quantifying product 
concentrations. 

Method 3: Photochemistry 

196079 1 – 3 C1: 82 μmoles 

C2: 234 μmoles 

C3: 15 μmoles 

Silica gel 
chroma-
tography 

Acid-base 
titration 

Identification of products by 
comparison of retention 
times with authentic 
standards. 

Silica gel chromatography was 
used to separate C1, C2, and 
C3 products. Each putatively 
pure product was titered with 
NaOH to find the equivalence 
point. 

201954 2 - 10 36% of all 8-
carbon products 
are fatty acids 

(by moles) 

1H-NMR Unambiguous identification 
by comparing H-NMR 
spectra with authentic 
standards. 

Data from H-NMR spectra were 
shown and used to determine 
relative abundance of fatty 
acids. Internal standards were 
not mentioned. 

Method 4: Irradiation by massive particles 

199580 13, 15, 17 C13: maximum 
18.6 picograms 

C15: maximum 
83.9 picograms 

C17: maximum 
57.0 picograms 

GC-MS Unclear how products were 
identified. Comparison with 
authentic standards were 
not mentioned. 

No data were shown to validate 
the MS procedure for 
quantifying product 
concentrations. 

201081 Undeter-
mined 

1016 molecules 
/cm2 

FTIR Regions of the FTIR 
spectra were considered 
diagnostic for carboxylic 
acids:  

ν(O–H) stretching = 3500–
2500 cm−1. 

The intensity of the FTIR 
spectra at 1720 cm-1 was used 
to provide an upper limit on 
carboxylic acid concentration. 
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ν(C=O) = 1720 cm−1 

ν(C–O) = 1282 cm−1 

Method 5: Gas-phase ion-molecule reactions 

200382 2 - 3 No data were 
shown 

GC-MS Unambiguous identification 
by comparing fragmentation 
spectra with authentic 
standards. 

N/A 

Method 6: Redox reactions in solution 

196383 1 No quantitative 
data were shown 

Paper 
chromat-
ography 

The presence of formic acid 
was inferred based on 
comparison of paper 
chromatography mobility to 
an authentic standard, and 
based on reaction with 
ammoniacal silver nitrate. 

N/A 

200085 7 or 8 C7: 73 - 85% yield  

C8: 65% yield 

(unclear whether 
by mass or moles) 

GC-MS Unambiguous identification 
by comparing fragmentation 
spectra with authentic 
standards. 

No data were shown to validate 
the GC-MS procedure for 
quantifying product 
concentrations. 

200884 1 - 3 C1: 7-20% yield 

C2: 0.7-12% yield 

C3: < 0.01 – 0.2% 
yield 

(by moles) 

GC-MS Unambiguous identification 
by comparing fragmentation 
spectra with publicly 
available data and by 
comparing retention times 
with authentic standards. 

Calibration curves were 
mentioned (but not shown) to 
validate the procedure for 
quantifying product 
concentrations. An internal 
standard (heptadecane) was 
used. 
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Chapter 5:  

Natural carbonate lakes provide compatible conditions for RNA and 
membrane function that could have enabled the origin of life on 

Earth 
*This chapter was written in collaboration with Zoe R. Todd, Dian Ding, Lijun Zhou, Saurja DasGupta, 
Sebastian Haas, Kimberly Sinclair, Sarah L. Keller, Roy A. Black, Jack W. Szostak, and David C. Catling.. 

 

Abstract 

 The origin of life on Earth likely occurred within an environment that concentrated cellular 
precursors and enabled their co-assembly into cells. Carbonate lakes can concentrate RNA precursors 
such as aqueous phosphate, and membrane precursors such as fatty acids. Subsequent assembly of RNA 
and membranes into cells is a long-standing problem because RNA function requires divalent cations 
(e.g. Mg2+), whereas fatty acid membranes are disrupted by Mg2+. Because carbonate lakes contain at 
most ~1 mM Mg2+, we investigated whether RNAs and membranes function within natural carbonate 
lake water. We collected water from Last Chance Lake and Goodenough Lake in British Columbia, 
Canada. Because we sampled after seasonal evaporation, the lake water contained ~1 M Na+ and ~1 mM 
Mg2+ at pH 10. In the lab, we found that nonenzymatic, RNA-templated polymerization of 
2-aminoimidazole activated ribonucleotides occurs at comparable rates in lake water and standard 
laboratory conditions (50 mM MgCl2, pH 8). Additionally, we found that a ligase ribozyme that uses a 
2-aminoimidazole activated oligonucleotide substrate is active in lake water after adjustment from 
pH ~10 to pH 9. We also observed that decanoic acid and decanol assembled into vesicles in dilute 
solution that resembles the lake water after seasonal rains, and that those vesicles retained 
encapsulated solutes despite salt-induced flocculation when the external solution is replaced with dry-
season lake water. By identifying compatible conditions for nonenzymatic and ribozyme-catalyzed RNA 
assembly, and for encapsulation by membranes, our results suggest that carbonate lakes could have 
enabled the emergence of cellular life on Earth. 

 

Significance Statement 

 In which environment did cells originate on the early Earth? The first cells (protocells) are 
thought to have consisted of informational and catalytic RNAs inside membrane vesicles. However, RNA 
function requires divalent cations (e.g. Mg2+), whereas membranes of environmentally available 
amphiphiles (e.g. fatty acids) are disrupted by divalent cations. Here we report that natural carbonate 
lake water, which contains at most ~1 mM divalent cations, could provide compatible conditions for 
three processes thought to be important for the origin of cellular life: nonenzymatic RNA assembly, 
ribozyme activity, and encapsulation by prebiotic membranes. Our results suggest that carbonate lakes 
are uniquely suited to enable the formation of the first cells. 
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Main text 

 Protocells composed of genetic molecules and a lipid vesicle may have constituted an early 
stage of life on Earth (1). RNA may have been an important component of protocells because of its 
ability to store and transmit genetic information and to catalyze reactions (2). Protocell membranes may 
have been composed of fatty acids, which enable exchange of small metabolites with the external 
environment while encapsulating large polymers (3). However, divalent cations (e.g. Mg2+) that are 
essential for nonenzymatic RNA copying (4) and ribozyme activity (5) disrupt fatty acid membranes, 
leading to release of encapsulated solutes (6). Chelation of divalent cations by excess citrate preserves 
fatty acid vesicles and enables internal RNA reactions (7), but high concentrations of citrate on the early 
Earth are unlikely. Serine and glycine maintain the integrity of fatty acid vesicles in 10 mM Mg2+ by 
increasing lamellarity (8), but RNA reactions have not been investigated under these conditions. 
Interestingly, nonenzymatic synthesis of a genetic polymer similar to RNA (NP-DNA, (3)) and ribozyme 
activity (9) have both been observed within fatty acid vesicles when the concentration of divalent 
cations is below 4 mM. 

 Carbonate lakes, otherwise known as soda lakes, are promising sites for the co-assembly of RNA 
and fatty acids into protocells. Carbonate lakes contain between 0.1 - 1 M of bicarbonate and carbonate 
anions (10). Because salts of divalent cations and carbonate anions have poor solubility, the 
concentration of divalent cations in carbonate lakes does not exceed ~1 mM (11). Additionally, 
carbonate lakes on the early Earth may have concentrated phosphate (12), ferrocyanide (13), and sulfur 
species (14), potentially enabling the synthesis of ribonucleotides during photochemically-driven 
reductive homologation of hydrogen cyanide (15, 16). Fatty acids could have been delivered to Earth by 
meteorites (17), synthesized endogenously on metal surfaces (18), or synthesized during 
electrochemical sparking (19), and those fatty acids could have been subsequently concentrated in 
carbonate lakes via evaporation to enable membrane formation (20). 

 Because carbonate lakes provide unique opportunities for the prebiotic formation of RNA and 
fatty acid vesicles, and because relatively low concentrations of divalent cations have been shown to 
enable RNA reactions within fatty acid vesicles, we investigated key components of protocell assembly 
within natural carbonate lake water. We collected water samples from Last Chance Lake and 
Goodenough Lake on the Cariboo Plateau in British Columbia, Canada. These carbonate lakes have some 
of the highest phosphate concentrations of lakes on Earth (21). We collected after seasonal evaporation 
when these lakes contain ~1 M Na+ and ~1 mM Mg2+ at pH 10 (Tables S1-S3). We tested for 
nonenzymatic, RNA-templated synthesis of RNA in water from both carbonate lakes. Additionally, we 
determined the activity of a ligase ribozyme in natural lake water, and we tested whether membranes 
composed of fatty acids and fatty alcohols can encapsulate aqueous solutes in natural lake water. Our 
findings directly inform the search for natural environments that could have supported the origin of 
cellular life on Earth. 

 

Nonenzymatic, RNA-templated synthesis of RNA 

 Before the emergence of enzymes on the early Earth, short RNAs that formed during wet-dry 
cycling (22) or on mineral surfaces (23) may have been replicated by successive addition of chemically-
activated ribonucleotides. For example, after pairing between a short RNA primer and the template, 
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2-aminoimidazole activated nucleotides can base pair with the template and react nonenzymatically 
with the primer to form a 3’-5’ phosphodiester linkage (Fig. 1A). Unlike polymerization of triphosphate 
nucleotides, 2-aminoimidazole activated nucleotides spontaneously form 5’-5’ bridged dinucleotide 
intermediates that enable rapid, nonenzymatic extension of RNA primers (24). Separation of the strands 
enables a new cycle of polymerization to generate a copy of the original template. Nonenzymatic primer 
extension may have been a necessary step in the formation of the first ribozymes, so we investigated 
whether this process can proceed in carbonate lake water. 

 We found that the rates of primer extension in lake water were comparable to the rates in 
standard laboratory conditions (Fig. 1). We prepared reactions in 90% natural water from Last Chance 
Lake (LC) or Goodenough Lake (GE), and we also prepared the reaction in artificial lake water that 
approximated the cation composition, anion composition, and pH of the natural lakes (0.5 M Na2CO3, 
1 mM MgCl2, and 200 mM bis-tris-propane at pH 10). Standard laboratory conditions were 50 mM MgCl2 
and 200 mM bis-tris-propane at pH 8. We measured the relative abundance of fluorescently labeled 
primers through time and calculated pseudo first-order rate constants for +1 nucleotide extension in 
each set of conditions (Fig. S1).  

 

 

Figure 1. RNA primers on RNA templates are extended at comparable rates in carbonate lake water and 
in standard lab conditions. A) Schematic of RNA primer extension by 2-aminoimidazole activated 
ribonucleotides. Our data suggest that primer extension in lake water proceeds through a bridged 
dinucleotide intermediate (Fig. S2), consistent with previous results (24). The primer is fluorescently 
labeled at the 5’ end. B) Gel image showing RNA-templated extension of an RNA primer in Last Chance 
Lake water. RNAs smaller than the primer were not detected, suggesting that the RNA primer is not 
hydrolyzed. C) First-order rate constants for extension of an RNA primer by one nucleotide. Standard lab 
conditions are 50 mM MgCl2 and 0.2 M bis-tris-propane at pH 8, and artificial lake water is 0.5 M 
Na2CO3, 1 mM MgCl2, and 0.2 M bis-tris-propane at pH 10. Error bars correspond to the standard 
deviation from 3 independent experiments in lake waters, and 6 independent experiments in standard 
lab conditions. LC is Last Chance Lake and GE is Goodenough Lake. 

 

 The surprisingly fast initial rate of primer extension may be explained by the relatively high pH 
of the lake water. In artificial solutions that approximate the cation composition of natural lakes, the 
rate of primer extension increases rapidly with pH (Fig. S2). The primer 3’ hydroxyl group should tend to 
deprotonate as pH increases, which enables nucleophilic attack on the phosphate of an incoming 
nucleotide (25). Rapid primer extension in natural lake water also relies on formation of a bridged 
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dinucleotide intermediate, the same mechanism for primer extension in laboratory conditions (24). 
When we prevented formation of the bridged dinucleotide by supplying an excess of 2-aminoimidazole, 
the yield of extended primers in lake water was greatly reduced (Fig. S3). However, in the absence of 
primer and template RNAs, we did not observe formation of the bridged dinucleotide in natural lake 
water by 31P NMR (Fig. S4). We suspect that bridged dinucleotide formation occurs on the template 
prior to primer extension. 

 We observed remarkably long lifetimes for RNA primers in lake water. After 72 hours, we did 
not observe hydrolysis of the primer in natural or artificial lake water (Fig. S5).  The relatively low 
concentration of divalent cations may compensate for the high pH in lake water to keep the hydrolysis 
rate low (26). However, we also observed that few primers had been extended by at least 3 nucleotides 
after 72 hours in lake water, relative to standard laboratory conditions (Fig. 2). Why are fewer primers 
extended after 72 hours in lake water than in laboratory conditions despite comparable initial rates of 
extension? Carbonate anions in the lake water seem to play a role; artificial lake solutions that 
approximate the cation composition and pH of natural lakes showed lower yields of extended primers 
after 72 hours – but comparable initial rates of primer extension – when carbonate is the most 
abundant anion (Fig. S6). We also suspected that primer extension in lake water might be limited by 
poor binding of nucleotides to the template due to deprotonation of the nucleobases at high pH. 

 

 

Figure 2. The yield of extended RNA primers is lower in carbonate lake water than standard lab 
conditions, although the yield in lake water increases by supplying a larger initial concentration of 
activated nucleotides (nt). A) The fraction of RNA primers that were extended by at least 3 nucleotides 
in natural and artificial lake water after 3 days, when either 20 mM (gray) or 100 mM (black) activated 
nucleotide is supplied. We did not observe any hydrolysis of the primer after 3 days (Fig. S8). Standard 
lab conditions are 50 mM MgCl2 and 200 mM bis-tris-propane at pH 8, and artificial lake water is 0.5 M 
Na2CO3, 1 mM MgCl2, and 200 mM bis-tris-propane at pH 10. Error bars correspond to the standard 
deviation from 3 independent experiments, except for the error bars for the 20 mM initial nucleotide in 
lab standard conditions sample which correspond to 6 independent experiments. LC is Last Chance Lake 
and GE is Goodenough Lake. 

 

 After increasing the initial concentration of activated nucleotides from 20 mM to 100 mM, we 
observed much more primer extension after 72 hours in lake water (Fig. 2). The percentage of primers 
that had been extended by 3 nucleotides nearly doubled in all lake samples due to the higher initial 
concentration of nucleotides. Although fewer primers were extended in lake water than in laboratory 
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conditions per activated nucleotide that was supplied, our observations show that considerable primer 
extension is possible in natural carbonate lakes when the concentration of  activated nucleotides is 
relatively high. High concentrations of activated nucleotides could have been present after evaporation 
from shallow carbonate lakes on the early Earth. 

 We note that full extension of the primer on the template (i.e. +4 nucleotides) is exceedingly 
slow (Fig. S7). This problem of “last nucleotide addition” has previously been observed in laboratory 
conditions because dinucleotide intermediates can only form one base-pair with the template’s terminal 
nucleotide (27). However, protocells may not have needed to synthesize the full complementary strand 
for a given template. Unlike modern cells composed of linear genomes, protocells may have been 
composed of virtual circular genomes where RNA synthesis can be transiently templated by multiple 
oligomers at different positions (28). Additionally, we recognize that 72 hours is not an endpoint for 
nonenzymatic primer extension in lake water. We observed sustained primer extension beyond 72 
hours, which would further improve the yield of extended primers (Fig. S8). However, we did observe 
partial hydrolysis of the primer after 6 days (Fig. S5). Taken together, our findings suggest that 
nonenzymatic primer extension can proceed robustly in natural carbonate lake water. 

 

Activity of a ligase ribozyme 

 Sustained nonenzymatic replication could enable the evolution of ribozymes, which could then 
catalyze RNA replication. Specifically, ligase ribozymes could enable RNA replication by joining RNAs on 
the same template. We previously identified by in vitro selection a 70 nucleotide ribozyme that catalyzes 
ligation between its 3’ end and a substrate RNA activated by 2-aminoimidazole (29). Because the 
ribozyme’s substrate is activated with 2-aminoimidazole rather than triphosphate, it is reasonable to 
imagine a continuous path from nonenzymatic to ribozyme-catalyzed RNA replication. Although our 
ribozyme was selected under moderate concentrations of divalent cations (5-20 mM Mg2+), we have 
shown that it also functions when the concentration of Mg2+ is reduced to 1 mM (30). Therefore, we 
conducted experiments to determine whether this ligase ribozyme functions in natural carbonate lake 
water. 

 

Figure 3. A ligase ribozyme is active in carbonate lake water after decreasing pH from ~10 to 9. A) The 
ribozyme and substrate base pair to the same RNA template. The 5’ end of the substrate is activated 
with 2-aminoimidazole, and the ribozyme ligates the substrate onto its 3’ end. B) In unmodified water 
(pH ~10) from either Last Chance Lake (LC) or Goodenough Lake (GE), the ribozyme activity is low. After 
adjusting the lake water to pH 9 by bubbling in carbon dioxide, the ribozyme activity increases 
substantially. Data are from a single experiment that is consistent with replicates (Fig. S9). 
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 We observed low activity of the ligase ribozyme in 70% natural water from Last Chance Lake and 
Goodenough Lake; however, the ribozyme became active when the lake water was modified by 
decreasing the pH from ~10 to 9 by bubbling in carbon dioxide (Fig. 3). This pH sensitivity is not 
surprising; the ribozyme was selected at pH 8, so it is reasonable to expect higher activity as the solution 
becomes more similar to the selection conditions. 32 ± 3% of the ribozyme reacted after 20 hours in 
pH 9-adjusted water from Goodenough Lake, and 11 ± 1% of the ribozyme reacted after 20 hours in 
pH 9-adjusted water from Last Chance Lake. The ribozyme activity in lake water was lower than the 
activity in laboratory conditions (0.362 M NaCl, 1.2 mM MgCl2, and 242 mM bis-tris-propane at pH 8) 
where 60 ± 6% of the ribozyme reacted after 20 hours (Fig. S9). When the ribozyme was replaced with 
an inactive RNA, we did not observe nonenzymatic ligation under any conditions (Fig. S10). 

 We performed experiments with artificial solutions to validate our results from the natural lake 
water. We consistently observed that decreasing the pH below 10 leads to higher ribozyme activity, 
whether the ionic composition mimics the natural lake (~0.5 M Na2CO3 and ~1 mM MgCl2) or laboratory 
conditions (Fig. S11). Additionally, we observed that a high concentration of monovalent cations, which 
are present in the natural lake water, leads to lower yields of ribozyme-catalyzed ligation (30). In 
general, our data demonstrate that ribozymes can function in carbonate lake water, though it is clear 
that our chosen ribozyme is not particularly well adapted to carbonate lake water. We expect that 
selection in carbonate lake water will yield ribozymes with much higher activity under these conditions, 
and that natural selection in carbonate lake water could have generated diverse ribozymes during the 
origin of life. 

 

Encapsulation by prebiotic membranes 

 To determine whether prebiotically plausible amphiphiles can assemble into vesicles in water 
from carbonate lakes during the dry season (i.e. after seasonal evaporation), we prepared a solution of 
89% Last Chance Lake water containing 112.5 mM decanoic acid and 112.5 mM decanol with 0.1 mM 
carboxyfluorescein. The amphiphiles immediately floated to the surface, which is consistent with the 
behavior of flocculated vesicles in saturated solutions of monovalent cations (31). We replaced the 
exterior solution around the amphiphiles with 100% water from Last Chance Lake in order to remove 
unencapsulated carboxyflorescein (Fig. S12). However, we did not observe retention of internal 
carboxyflorescein, suggesting that the amphiphiles did not encapsulate solution (Fig S13). We 
subsequently diluted the salt concentration, and we did not observe separated vesicles with 
encapsulated carboxyflorescein (Fig S13). We conclude that the formation of vesicles capable of 
encapsulating solution is inefficient in natural water from Last Chance Lake’s dry season.  

 Given that our water sample is from Last Chance Lake’s dry season, we wondered whether 
amphiphiles might encapsulate solutes if they assemble into vesicles in dilute solution during the lake’s 
wet season, and if those vesicles could retain encapsulated solutes as the exterior solution becomes 
saltier during evaporation in the dry season. We assembled vesicles of 1:1 decanoic acid: decanol in a 
relatively dilute salt solution of 0.1 M NaHCO3 at pH 10 with 0.1 mM carboxyfluorescein. These 
conditions mimic dilute lake water during the wet season. We replaced the exterior solution around the 
vesicles with Last Chance Lake water from the dry season containing ~1 M Na+ and ~1 mM Mg2+ at 
pH 10, and we imaged the vesicles with fluorescence microscopy (Fig. 4). We observed flocculated 
vesicles that retain encapsulated carboxyfluorescein despite the millimolar concentration of divalent 
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cations in the natural lake water. We are confident that the flocculated vesicles are surrounded by Last 
Chance Lake water because there is excellent contrast between encapsulated carboxyfluorescein and 
the exterior solution. We subsequently diluted the salt concentration in the exterior solution and found 
that separated vesicles still retained the dye. Full field images (Fig. S14) and a size-exclusion 
chromatogram (Fig. S13) show that many vesicles retain dye after dilution of the salt. We also found 
that vesicles retained encapsulated dye when the exterior solution is artificial lake water of 0.75 M 
Na2CO3 and 1 mM MgCl2 at pH 10, or artificial lake water of 1 M NaCl, 1 mM MgCl2, and 0.1 M NaHCO3 
at pH 10 (Fig. S15). However, because our method of exchanging the exterior solution around vesicles 
requires an extremely high concentration of unchelated monovalent cations, we were unable to 
determine whether vesicles retain encapsulated dye in water from Goodenough Lake, or in artificial lake 
water of 0.5M Na2CO3 and 1 mM MgCl2 at pH 10 (Fig. S16). In summary, our results show that vesicles 
can encapsulate solutes in carbonate lake water after seasonal evaporation if the vesicles are allowed to 
assemble in dilute solution during the wet season.  

 

 

Figure 4. Vesicles of 1:1 decanoic acid: decanol encapsulate aqueous carboxyflorescein dye for more 
than 1 hour when the exterior solution is water from Last Chance Lake. Monovalent salts induce 
flocculation of vesicles into large aggregates. Vesicles were initially assembled in a dilute salt solution of 
0.1 M NaHCO3 at pH 10 with 0.1 mM carboxyflorescein dye before the exterior solution was replaced 
with Last Chance Lake water (Fig. S12). Subsequent dilution into a 56 mM decanoic acid and 0.1 M 
NaHCO3, pH 10 solution causes vesicles to separate from each other, and separated vesicles still retain 
encapsulated dye. Similar results were obtained for vesicles in artificial lake water; however, we could 
not determine whether vesicles retain encapsulated dye in water from Goodenough Lake (Fig. S16). 
Rhodamine 6G membrane dye was added immediately prior to imaging. Full field images are in the SI 
(Fig. S13).  

 

Conclusions 

 Our results suggest that carbonate lakes on the early Earth could have supported key features of 
protocell development. The nonenzymatic synthesis of RNA proceeds on RNA templates at a 
comparable rate in carbonate lake water as under standard laboratory conditions. We find that the yield 
of nonenzymatically extended RNAs increases with the concentration of activated nucleotides. Activated 
nucleotides could have reached high concentrations during evaporation from natural lakes, although 
continued nucleotide synthesis may become limited by the availability of phosphate (~40 mM in Last 
Chance Lake (21)). 2-aminoimidazole could be produced from nucleotide precursors (32), and nucleotide 
activation with 2-aminoimidazole could occur in the eutectic brines of partially frozen lakes (33). While 
nonenzymatic copying of sequence-general RNA templates remains challenging (34), our results show 
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that carbonate lakes are capable of supporting nonenzymatic RNA synthesis in a comparable manner to 
optimized laboratory conditions. 

 

Figure 5. A hypothetical development cycle for protocells based on seasonal fluctuations in the water 
content of carbonate lakes. 

 

 Sustained nonenzymatic replication could have enabled the evolution of ribozymes which could 
then catalyze RNA replication, a key step during the origin of cells. Ligase ribozymes enable RNA-
catalyzed RNA replication, and the use of a 2-aminoimidazole activated substrate could have enabled a 
continuous path from nonenzymatic to ribozyme-catalyzed RNA replication. We find that our in vitro 
selected ligase ribozyme retains activity in carbonate lake water when the pH is adjusted to be more 
similar to the selection conditions. Ribozymes that evolved in natural lakes would be optimized to 
function under such conditions, and these ribozymes could be isolated in the laboratory by performing 
in vitro selection experiments in natural lake water. Additionally, carbonate lakes on the early Earth may 
have had lower pH (between pH 6.5 and 9) due to a high concentration of CO2 in the atmosphere (12). 

 Additionally, we show that prebiotic membranes can encapsulate solutes despite flocculation in 
carbonate lake water. It is likely that nonenzymatic RNA synthesis (35) and ribozyme-catalyzed ligation 
(30) can proceed inside flocculated vesicles whose exterior solution is carbonate lake water. However, 
future work is needed to identify conditions where 2-aminoimidazole activated mononucleotides or 
oligonucleotides can permeate into flocculated vesicles without releasing larger RNAs. We envision that 
RNA-membrane interactions could modulate both the extent of flocculation and permeability of the 
flocculated vesicles (36). 

 In conclusion, we propose a seasonal model for protocell development in carbonate lakes on the 
early Earth (Fig. 5). Vesicle formation could occur during seasonally wet periods when the monovalent 
cation concentration is decreased by dilution, and those vesicles could retain encapsulated contents 
during transient flocculation in the dry season. Formation of vesicles de novo seems to be inefficient in 
water from carbonate lakes in the dry season, and flocculation in water from the dry season may 
prevent membrane growth and division. Formation of new vesicles, growth, and division of existing 
vesicles (37) could occur during the wet season, or in dilute streams that feed into closed-basin lakes. 
Biopolymer building blocks such as nucleobases (38) and amino acids (8) enable vesicles to resist 
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flocculation in moderate concentrations of monovalent cations, which could prolong the seasonal 
duration of dispersed vesicles. Moreover, saturated solutions containing 1 mM Mg2+ (which are present  
during the dry season) are sufficient to enable nonenzymatic RNA copying and ribozyme activity. Taken 
together, our results suggest that natural carbonate lakes could have supported the formation of the 
earliest cellular life on Earth. 

 

Experimental section 

Materials 

RNAs and DNA were from Integrated DNA technologies (Coralville, IA). NaCl, Na2CO3, bis-tris-propane, 
formamide, decanol, and carboxyflorescein were from Sigma-Aldrich (St. Louis, MO). 1 M MgCl2 stock 
solution was from Ambion (Austin, TX). Ultrapure water, 0.5 M ethylenediaminetetraacetic acid, and 
SYBR Gold gel stain were from Invitrogen (Waltham, MA). 220 nm nylon syringe filters were from 
RESTEK (Bellefonte, PA). Decanoic acid was from Nu-Chek Prep (Elysian, MN), and NaHCO3 was from 
EMD Chemicals (Darmstadt, Germany). Sepharose 4B was used for size exclusion chromatography 
(Sigma-Aldrich, St. Louis, MO). 

 

Sampling from Last Chance Lake and Goodenough Lake 

Autoclaved glass bottles were filled with water from either Last Chance Lake or Goodenough Lake during 
November 2021 (21). The water was kept on ice for ~6 hours during the return to the lab, at which point 
it was immediately frozen at -20°C. Subsequently, the water was thawed and filtered to 220 nm to 
remove contaminants such as sediment and microbes. The filtered water was again frozen at -20°C 
or -30°C. Aliquots of the lake water were kept refrigerated at 4°C for up to a few weeks until used in 
experiments. 

 

Synthesis of 2-aminoimidazole activated cytidine monophosphate nucleotides  

As previously described (39), 1 equivalent of cytidine monophosphate was mixed with 0.42 equivalents 
of 2-aminoimidazole hydrochloride, 8 equivalents of triphenylphosphine, and 1 equivalent of 1-hydroxy-
7-azabenzotriazole in dry dimethyl sulfoxide. Then 10 equivalents of triethylamine and 7.3 equivalents 
of dipyridyl-disulfide were added. The mixture was incubated for 30 minutes, then the product was 
precipitated in acetone with sodium perchlorate. The precipitant was washed twice in 1:1 acetone: 
diethyl ether (v/v) and dried under vacuum. The dry pellet was resuspended in 0.1 M triethylamine-
bicarbonate at pH 8, and purified by reverse-phase flash chromatography, with a 50 g C18Aq column. 
The desired product was separated from other compounds over 12 column volumes of 0–10% 
acetonitrile in 2 mM triethylamine-bicarbonate at pH 8. The purified product was lyophilized and stored 
at -30°C. 
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Nonenzymatic, RNA-templated extension of RNA primers 

RNA primer-template duplexes were prepared by mixing primer and template stocks with lake water or 
artificial salt solutions. The RNA primer was labeled with 6-FAM at its 5’ end, and the sequence of the 
primer was 5’-AGU GAG UAA CGG-3’. The sequence of the RNA template was 5’-GGGG CCG UUA CUC 
ACU AAA-3’. Cytidine monophosphate nucleotides activated by 2-aminoimidazole were resuspended in 
ultrapure water to 400 mM and kept on ice. Nucleotide solution was added to the primer-template 
duplex solution to initiate the reaction. The final solution volume was 10 μL, and the solution contained 
1 μM primer, 1.5 μM template, and 20 mM nucleotide. Reactions in lake water contained 90% natural 
water from either Last Chance Lake or Goodenough Lake. Reactions in lab standard conditions contained 
50 mM MgCl2 and 0.2 M bis-tris-propane at pH8, and reactions in artificial lake water contained 0.5 M 
Na2CO3, 1 mM MgCl2, and 0.2 M bis-tris-propane at pH 10. Aliquots of each reaction were quenched at 
various times into a solution containing 4 μM of RNA that is complementary to the template (5’-UUU 
AGU GAG UAA CGG CCCC-3’) as well as 83.5% formamide (v), 25 mM ethylenediaminetetraacetic acid 
(EDTA), and 1x TBE (0.1 M EDTA, 89 mM Tris, and 89 mM boric acid at pH 8.3). Primer extension 
products in the quenched reaction samples were resolved by 20% polyacrylamide gel electrophoresis in 
1x TBE gel running buffer. The gels were scanned with an Amersham Typhoon RGB Biomolecular Imager 
(GE Healthcare Life Sciences). The fluorescently labeled primer and extended primer bands were 
visualized, and then quantified using ImageQuant TL software to obtain relative band intensities. 

 

Preparation of the ligase ribozyme 

The ligase ribozyme with sequence 5’-GGA CAG CGA GCC ACU GCG GAA GAC CUU AAG AGG UGU AAU 
UGC UCA CCC CGC UGU CCU UUU UUG GCU AAGG-3’ has been described previously (29, 30). The 
ribozyme was prepared by in vitro transcription of dsDNA templates with 2ʹ-O-methyl modifications on 
the last two nucleotides (40). Transcription reactions were carried out in the presence of 40 mM Tris-
HCl, 2 mM spermidine, 10 mM NaCl, 25 mM MgCl2, 10 mM dithiothreitol (DTT), 30 U/mL RNase inhibitor 
murine (New England Biolabs), 2.5 U/mL thermostable inorganic pyrophosphatase (TIPPase, from New 
England Biolabs), 4 mM of each nucleotide triphosphate, 30 pmol/mL DNA template, and 1 U/µL T7 RNA 
Polymerase (New England Biolabs) at pH 8 for 3 h at 37°C. The reaction was quenched with DNase I 
(New England Biolabs) and RNA was extracted with phenol-chloroform-isoamyl alcohol (PCI), ethanol 
precipitated, and purified by denaturing polyacrylamide gel electrophoresis. The purified product was 
stored at -30°C. 

 

Preparation of 2-aminoimidazole activated RNA substrate for ligation reaction 

The 2-aminoimidazole activated RNA substrate was generated from a 5ʹ-monophosphorylated 
oligonucleotide (5’-ACC ACC GCA UUC CGCA-3’) by incubating it with 0.2 M 1-ethyl-3-
(3 dimethylaminopropyl) carbodiimide (HCl salt) and 0.6 M 2-aminoimidazole (HCl salt, pH adjusted to 6) 
for 2 hours at room temperature. The product was washed five times with water in Amicon Ultra spin 
columns (3 kDa cutoff, 200 µL milli-Q water per wash) and purified by reverse phase analytical HPLC 
using a gradient of 98% to 75% 20 mM TEAB (triethylamine bicarbonate, pH 8) versus acetonitrile over 
40 min (29). The purified product was stored at -30°C. 
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Ribozyme-catalyzed ligation reactions 

Ribozyme and template RNA (5’-GCG GUG GUC CUU AGCC-3’) were mixed with lake water or artificial 
salt solutions. The 2-aminoimidazole activated substrate RNA was added to the ribozyme-template 
solution to initiate the reaction. The final solution volume was 5 μL, and the solution contained 1 μM 
ribozyme, 1.2 μM template, and 2 μM substrate. Reactions contained 70% water from either Last 
Chance Lake or Goodenough Lake. For reactions with pH modified lake water, CO2 was bubbled through 
1 mL of water from either Last Chance Lake or Goodenough Lake for ~ 1 minute. The modified lake 
water remained stable near pH 9 for at least 1 week, and aliquots of the same 1 mL modified lake water 
were used for all replicate experiments. Ribozyme reactions were quenched immediately and after 
20 hours by adding 1 µL of reaction into 5 µL of 8M urea, 0.1 M Tris-HCl, 0.1 M boric acid, and 0.1M 
EDTA. Reaction products in the quenched samples were resolved by denaturing polyacrylamide gel 
electrophoresis in 1x TBE gel running buffer. Gels were stained using SYBR Gold then scanned with an 
Amersham Typhoon RGB Biomolecular Imager (GE Healthcare Life Sciences).  

 

Preparation of vesicles with carbonate lake water in the exterior solution  

 A stock solution of decanoate was made by dissolving solid decanoic acid in an equimolar NaOH 
solution, followed by gentle heating and rocking. Vesicle solutions were prepared by the following steps: 
(1) solutions of NaHCO3 and carboxyfluorescein dye were mixed. (2) Decanoate solution was added. (3) 
Liquid decanol was added and mixed to induce vesicle assembly. The resulting vesicles of 112.5 mM 
decanoic acid and 112.5 mM decanol encapsulated the bulk solution of 0.1 M NaHCO3 and 0.1 mM 
carboxyfluorescein. (4) The pH was adjusted to 10 after the amphiphiles were added. (5) The exterior 
solution around the vesicles was replaced with lake water (Fig. S12). By adding two volume equivalents 
of lake water to the initial vesicle sample, a layer of flocculated vesicles formed after gentle spinning for 
10 – 30 seconds. The solution below this vesicle layer was removed. This replacement process was 
repeated 5 times. We are confident that this process produces vesicles that are surrounded by lake 
water because there is excellent contrast between encapsulated carboxyfluorescein and the exterior 
solution. 

 

Fluorescence microscopy 

Samples were prepared for imaging by mixing 100 μL of vesicle solution with 1 μL of 1 mM rhodamine 
6G stock (membrane dye). The edges of a cover slip were coated with vacuum grease and 90 μL of 
sample was placed in the resulting well. Another cover slip was placed on top. Images were collected on 
a Nikon (Melville, NY) Eclipse upright epifluorescence microscope (ME600L). A Chroma (Bellows Falls, 
VT) FITC/Alexa488 filter cube was used for carboxyfluorescein fluorescence images (aqueous dye), and a 
Chroma mCherry/Texas Red filter cube was used for rhodamine fluorescence images.  
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Supplementary information 

 

Section 1: Ionic composition of Last Chance Lake and Goodenough Lake  

Table S1. Cation composition of Last Chance Lake and Goodenough Lake measured by inductively 
coupled plasma mass spectrometry 

Ion name 
Concentration in 

Last Chance Lake (mM) 

Concentration in 

Goodenough Lake (mM) 

Sodium 1824.2 711.4 

Potassium 28.3 13.2 

Monovalent cation total 1852.5 724.6 

   

Magnesium 1.49 1.50 

Calcium 0.09 < 0.01 

Divalent cation total 1.58 1.50 

 

 

Table S2. Anion composition of Last Chance Lake and Goodenough Lake 

Ion name 
Concentration in 

Last Chance Lake (mM) 

Concentration in 

Goodenough Lake 
(mM) 

Analytical 
technique used 

Chloride 335.8 70.4 Ion chromatography 

Nitrate < 0.001 < 0.001 Spectrophotometry 
(1) 

Phosphate 8.2 < 0.1 Spectrophotometry 
(2) 

Sulfate 49.5 7.6 Ion chromatography 

Carbonate & 
bicarbonate 

898.8 156.3 Shimadzu total 
organic carbon/total 
nitrogen-VCSH 
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Table S3. pH of Last Chance Lake and Goodenough Lake 

 Last Chance Lake  Goodenough Lake 

pH 9.8 10.3 

 

All data are reproduced from Haas et al. 2023 with permission from the authors (3). 

All data are from water samples collected during November 2021. 
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Section 2: Non-enzymatic, RNA-templated RNA primer extension by 2-aminoimidazole activated 
ribonucleotides 

 

 

 

 

 

Fig. S1. Example calculation of the pseudo first-order rate constant for primer extension by the first 
nucleotide. A) When the concentration of 2-aminoimidazole activated nucleotides (20 mM) is in excess 
of the primer concentration (1 μM), the rate of production of primers that have been extended by 1 
nucleotide is equal to the rate of consumption of unextended primer, and these rates depend 
approximately linearly on the concentration of unextended primer. The first-order integrated rate law 
can be used to estimate the rate constant, k. B) Example gel with labeled bands corresponding to the 
unextended primer. Bands corresponding to extended primers can be seen as well. These data are from 
1 replicate experiment in artificial lake conditions from Fig. 1. C) Relative intensities of the unextended 
primer band can be quantified from the gel. By definition, none of the primer is extended at 0 hours. D) 
The negative slope of a plot of the natural logarithm of the unextended primer intensity vs time yields 
the pseudo first-order rate constant for primer extension by the first nucleotide. 
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Fig. S2. In artificial lake water, A) pseudo first-order rate constants for primer extension increase with 
pH while B) the yield of extended primers after 3 days is largely unaffected by pH. All reactions 
contained 1 μM primer, 1.5 μM template, 20 mM nucleotide, 1 M NaCl, 1 mM MgCl2, and 200 mM bis-
tris-propane. Error bars correspond to the standard deviation from 3 independent experiments. 
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Fig. S3. Excess 2-aminoimidazole disrupts primer extension in lake water, suggesting that primer 
extension in lake water occurs via bridged dinucleotide intermediates. A) Excess 2-aminoimidazole 
disfavors formation of bridged dinucleotides. B) Comparison of primer extension in the presence or 
absence of excess 2-aminoimidazole. Data for “nucleotides only” are the same as in Fig. 3B, (20 mM 
nucleotide). Reactions with 8x excess of 2-aminoimidazole were performed similarly as described for 
“nucleotides only”, except that 400 mM stock solutions of activated cytidine monophosphate 
ribonucleotides were resuspended in 3.2 M 2-aminoimidazole solution at pH 7, rather than ultrapure 
water. The final solution composition was 20 mM nucleotide, 160 mM 2-aminoimidazole, 1 μM primer, 
and 1.5 μM template. Standard lab conditions are 50 mM MgCl2 and 200 mM bis-tris-propane at pH 8, 
and artificial lake water is 0.5 M Na2CO3, 1 mM MgCl2, and 200 mM bis-tris-propane at pH 10. Error bars 
correspond to the standard deviation from 3 independent experiments, while the error bars in 
“nucleotides only” in lab standard conditions correspond to 6 independent experiments. LC is Last 
Chance Lake and GE is Goodenough Lake. 
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Fig. S4. 31P NMR spectra of 2-aminoimidazole activated cytidine mononucleotide (-11.38 ppm) or 
bridged cytidine dinucleotide (-12.85 ppm). In standard lab conditions (50 mM MgCl2 and 200 mM bis-
tris-propane at pH 8), the bridged dinucleotide hydrolyzes slowly until it reaches a low equilibrium 
concentration after ~24 hours. In natural water from either Last Chance Lake (LC) or Goodenough Lake 
(GE), the activated mononucleotide is relatively stable throughout the experiment, whereas the bridged 
dinucleotide hydrolyzes rapidly within ~ 5 hours. For all samples, 10% D2O was added to the solution 
before dissolving the solid mononucleotide or dinucleotide. Additional signals correspond to phosphate 
(-0.3 ppm) and cytidine monophosphate (0.28 ppm). 31P spectra were acquired on a Varian Oxford AS-
400 NMR spectrometer. Bridged cytidine dimers were prepared as described in Ding et al. 2022 (4). 
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Fig. S5. In the absence of template RNA or activated nucleotides, the RNA primer is stable in lake water 
for at least 3 days. However, the primer begins to hydrolyze after 6 days in lake water. The primer is 
stable for 14 days in standard lab conditions. Standard lab conditions are 50 mM MgCl2 and 200 mM bis-
tris-propane at pH 8, and artificial lake water is 1 M NaCl, 1 mM MgCl2, and 200 mM bis-tris-propane at 
pH 10. 
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Fig. S6. In artificial lake water containing 1 M Na+ and 1 mM Mg2+ at pH 10, A) the pseudo first-order 
rate constants for primer extension are similar regardless of whether chloride, carbonate, phosphate, or 
sulfate are used as anions. Data for “0.5 M CO3

2-” are the same as in Figure 2C “Artificial Lake”. B) The 
yield of extended primers after 3 days is lower when carbonate is used as the anion. Data for “0.5 M 
CO3

2-” are the same as in Figure 3A “Artificial Lake, 20 mM initial nucleotide”. All reactions contained 
1 μM primer, 1.5 μM template, 20 mM nucleotide, and 200 mM bis-tris-propane. Error bars correspond 
to the standard deviation from 3 independent experiments, except for the error bars in the “1 M Cl-” 
sample which correspond to 6 independent experiments.  
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Fig. S7. The yield of fully extended RNA primers (+4 nucleotides) is low in carbonate lake water. All 
reactions contained 1 μM primer, 1.5 μM template, and 20 mM nucleotide. Standard lab conditions are 
50 mM MgCl2 and 200 mM bis-tris-propane at pH 8, and artificial lake water is 0.5 M Na2CO3, 1 mM 
MgCl2, and 200 mM bis-tris-propane at pH 10. Error bars correspond to the standard deviation from 3 
independent experiments, except for the error bars for the lab standard conditions which correspond to 
6 independent experiments.  LC is Last Chance Lake and GE is Goodenough Lake. Data for extension by 
at least 3 nucleotides are the same as in Figure 3A “20 mM initial nucleotide”. 
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Fig. S8. The yield of RNA primers that have been extended by +3 nucleotides increases beyond 3 days. 
All reactions contained 1 μM primer, 1.5 μM template, and 20 mM nucleotide. Standard lab conditions 
are 50 mM MgCl2 and 200 mM bis-tris-propane at pH 8. 
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Section 3: Activity of a ligase ribozyme 

 

 

 

 

Fig. S9. The yield of reacted ribozyme after 20 hours in pH modified water from Goodenough lake (GE) 
or Last Chance lake (LC). Lab conditions are 0.362 M NaCl + 1.2 mM MgCl2 + 242 mM bis-tris-propane at 
pH 8. The final solution volume was 5 μL, and the solution contained 1 μM ribozyme, 1.2 μM template, 
and 2 μM substrate. The error bars correspond to standard deviation from three independent 
experiments. 
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Fig. S10. In control reactions using an RNA construct with a completely randomized catalytic domain 
sequence instead of the ligase ribozyme, we do not observe ligation to the substrate. The reagent 
composition was otherwise identical to the ribozyme reactions described in the main text: the solution 
contained 1.2 μM template, 2 μM substrate, and 1 μM of the random 95 nucleotide RNA. Artificial lake 
conditions are 0.5 M Na2CO3 + 1 mM MgCl2 + 200 mM bis-tris-propane at pH 9, and lab conditions are 
0.362 M NaCl + 1.2 mM MgCl2 + 242 mM bis-tris-propane at pH 8. The data for each solution are from a 
single experiment, and the results are consistent with two additional, independent replicate 
experiments. 
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Fig. S11. Whether or not the salt composition mimics the natural lakes, ribozyme activity is higher when 
the pH is lowered below pH 10. A) In artificial lake conditions (0.5 M Na2CO3 + 1 mM MgCl2 + 200 mM 
bis-tris-propane), more ribozyme has reacted after 20 hours in pH 9 solution than pH 10 solution. B) In 
lab conditions (0.362 M NaCl + 1.2 mM MgCl2 + 242 mM bis-tris-propane), more ribozyme has reacted 
after 20 hours in pH 8 solution than pH 10 solution. The final solution volume was 5 μL, and the solution 
contained 1 μM ribozyme, 1.2 μM template, and 2 μM substrate. 
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Section 4: Encapsulation by prebiotic membranes 

 

 

 

 

Fig. S12. A) Schematic of the process used to exchange the exterior solution around vesicles with lake 
water. B) Example of this process used to replace the exterior solution around vesicles with water from 
Last Chance lake. The initial vesicle sample is 112.5 mM decanoic acid + 112.5 mM decanol + 0.1 M 
NaHCO3 + 0.1 mM carboxyfluorescein. After 5 rounds of solution replacement, the resulting layer of 
flocculated vesicles is stable for at least 1 hour. 
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Fig. S13. Prebiotic amphiphiles do not assemble into vesicles in 89% water from the dry season of Last 
Chance lake (LC). A) When 112.5 mM decanoic acid + 112.5 mM decanol were allowed to assemble in 
89% Last Chance lake water containing 0.1 mM carboxyflorescein, the amphiphiles immediately formed 
a floating layer. The solution below this layer was replaced with 100% Last Chance lake water as in Fig. 
S12. The amphiphile layer did not retain carboxyflorescein. B) As described in Fig. 4 of the main text, 
112.5 mM decanoic acid + 112.5 mM decanol were allowed to assemble into vesicles in a dilute salt 
solution of 0.1 M NaHCO3 + 0.1 mM carboxyflorescein. After replacing the exterior solution with 100% 
Last Chance lake water as in Fig. S12, the vesicle layer did retain encapsulated carboxyflorescein. C) 
After 1 hour, both samples were subsequently diluted into a 56 mM decanoic acid + 0.1 M NaHCO3, pH 
10 solution. This diluted sample was eluted through a size-exclusion column. For the sample where 
amphiphiles were initially allowed to assemble in 89% Last Chance lake water, the chromatogram does 
not show an early-eluting peak, suggesting that very few vesicles contain carboxyflorescein. Meanwhile, 
there is an intense early-eluting peak of carboxyflorescein containing vesicles in the sample allowed to 
assemble in dilute salt solution. These data suggest that amphiphiles do not assemble into new vesicles 
in Last Chance lake water. Carboxyflorescein fluorescence was measured with excitation at 485 nm and 
emission at 520 nm. Data are from a single experiment, and they are consistent with an independent, 
replicate experiment. 
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Fig. S14. Full field images of vesicles composed of 1:1 decanoic acid: decanol when the exterior solution 
is water from Last Chance lake, and after subsequent dilution into a 56 mM decanoic acid + 0.1 M 
NaHCO3, pH 10 solution. Rhodamine 6G membrane dye was added immediately prior to imaging. 
Although these are not the same field shown in Fig. 5 of the main text, these images are also 
representative of the entire sample. 
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Fig. S15. Vesicles of 1:1 decanoic acid: decanol encapsulate aqueous carboxyflorescein dye for at least 1 
hour when the exterior solution is artificial lake water at pH 10. Vesicles were initially assembled in a 
dilute salt solution of 0.1 M NaHCO3 at pH 10 with 0.1 mM carboxyflorescein dye before the exterior 
solution was replaced with artificial lake water. Subsequent dilution into a 56 mM decanoic acid + 0.1 M 
NaHCO3, pH 10 solution causes vesicles to separate from each other, and separated vesicles still retain 
encapsulated dye. Rhodamine 6G membrane dye was added immediately prior to imaging. Both sets of 
experiments were performed at pH 10, and 0.1 M NaHCO3 was included to buffer pH in artificial lake 
water of 1 M NaCl + 1 mM MgCl2. 
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Fig. S16. Floatation of flocculated vesicles requires ~1 M unchelated Na+. Because flocculated vesicles do 
not form a floating layer when the exterior solution is Goodenough lake (GE), we cannot determine 
whether vesicles retain dye. Similarly, not all vesicles float when the exterior solution is artificial lake 
water of 0.5 M Na2CO3 + 1 mM MgCl2 at pH 10. All samples except natural Goodenough lake water 
contain 1 mM MgCl2 at pH 10. NaCl solutions also contain 0.1 M NaHCO3 buffer. 
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Conclusion  
 

 To better understand the origin of life, I have investigated the formation of key cell components 

such as membranes, peptides, and RNA in the early Earth environment. My research has advanced the 

hypothesis that all three of these cell components could have formed together within evaporating, 

carbonate lakes on the early Earth.  Of course there are many important challenges that must be 

resolved before a complete scenario for the origin of life will come into focus. However, my research 

suggests that evaporating lakes may have been uniquely suited to enable the origin of life. Future 

research on the origin of life should test whether additional chemical processes can occur in evaporating 

lake conditions. 
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Appendix: 

Surprising observations during size-exclusion chromatography  

with fatty acid vesicles  
 

Main text 

 In order to prepare a sample of fatty acid vesicles that encapsulate an aqueous fluorescent dye, 

the amphiphiles are first allowed to assemble in a well-mixed solution of that dye so that the dye 

concentration inside the vesicles is equal to the dye concentration outside. Size-exclusion 

chromatography is a standard technique to separate unencapsulated dye from the vesicles. Because 

vesicles are relatively large (~1 μm) compared to many fluorescent dyes (< 10 nm), the vesicles elute 

quickly in the void volume, whereas unencapsulated dye molecules elute slowly after a circuitous 

passage through the chromatography resin. I have used this technique successfully with fatty acid 

vesicles in numerous experiments throughout chapters 2 & 3. However, I have also discovered some 

surprising challenges. Here, I will discuss these surprising observations in case they are useful to future 

researchers.  

 

Section 1: quantifying fluoresence after size-exclusion chromatography fails a reasonable test 

 Many researchers collect size-exclusion chromatograms and use the integrated fluorescence 

intensity to estimate the percentage of dye that is encapsulated in vesicles (Fig. 1). This interpretation 

seems reasonable as long as fluorescence intensity is proportional to dye concentration, which can be 

verified by measuring fluorescence intensity across a range of dye concentrations. This approach is 

useful to estimate the leakage of dye from vesicles after some perturbation. 
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Figure 1: Typical interpretation of a size-exclusion chromatogram when fluorescence intensity is 

proportional to the dye concentration. By integrating the fluoresce in the early eluting peak, and 

normalizing by the total integrated fluorescence, researchers have attempted to estimate the 

percentage of dye molecules that are encapsulated. 

 

 If for some reason the vesicles do not elute through the column (e.g. the vesicles float above the 

resin due to flocculation in high salt solution), then the fluorescence from the encapsulated dye cannot 

be accurately measured. If it is desirable to estimate the percentage of dye molecules that are 

encapsulated, it seems reasonable to measure the fluorescence (and thus the number of moles) for only 

the unencapsulated dye, and to calculate the total moles of dye (encapsulated + unencapsulated) that 

are loaded into the column based on the fluorescence of the initial sample. Then, the percent of dye 

molecules that are encapsulated can be estimated using the following equations: 

𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑	𝑑𝑦𝑒 = (𝑡𝑜𝑡𝑎𝑙	𝑚𝑜𝑙𝑒𝑠	𝑙𝑜𝑎𝑑𝑒𝑑	𝑖𝑛𝑡𝑜	𝑐𝑜𝑙𝑢𝑚𝑛) − (𝑢𝑛𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑	𝑚𝑜𝑙𝑒𝑠)      (1) 

%	𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑	𝑑𝑦𝑒 = +.w,x	.y	,z_9{x|w9-,}	}~,
(-.-9w	+.w,x	w.9},}	�z-.	_.w|+z)

																																														  (2) 

 To validate this approach, I asked a simple question with a sample of vesicles that does elute 

through a size-exclusion column: does the sum of the encapsulated and unencapsulated moles equal the 

number of moles that were loaded into the column (Fig. 2)? To test this, I made a sample of vesicles of 

120 mM decanoic acid + 120 mM decanol with 0.1 mM carboxyflorescein in the interior and exterior 

solution. I also included 0.1 M NaHCO3 to buffer the solution at pH 8.7. I showed that carboxyflorescein 

fluorescence is linearly dependent on carboxyflorescein concentration, and I measured the fluorescence 

intensity of the initial sample and all chromatography fractions. I calculated the number of moles of 
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carboxyflorescein in each sample, and I used these data to compare the number of moles inputted to 

the column with the total number of moles eluted from the column. My results are shown in Table 1. 

 

 

Figure 2: Quantitative interpretation of size-exclusion chromatography fails a simple test. In 3 trials, I 

could not recover all of the carboxyflorescein dye that was inputted to a size-exclusion chromatography 

run. Data for these experiments are shown in Figure 2.  

 

Table 1: Results from three trials of size-exclusion chromatography to compare the inputted 

moles with recovered moles. 

 Trial 1 Trial 2 Trial 3 

Percent of carboxyflorescein 

recovered after size-exclusion 

chromatography 

82%   

(low) 

446% 

(nonphysical) 

67.6%     

(low) 
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 Surprisingly, I could not consistently account for all of the dye that I inputted into the size-

exclusion column. In some cases, I recovered less dye than I inputted, and in other puzzling cases my 

data implied that I recovered more dye that I inputted. Although I only attempted this experiment 3 

times, I concluded that my approach was insufficient to estimate the percent encapsulation of 

fluorescent dye. Perhaps the change to the amphiphile concentration before and after size-exclusion 

chromatography could alter the fluoresence measurements. In summary, these findings should make 

readers and future experimenters somewhat skeptical of any quantitative interpretation of size-

exclusion chromatograms using carboxyflorescein. 

 

Section 2: decanoic acid vesicles do not encapsulate self-quenched carboxyflorescein unless decanol is 

added to the membrane 

 Membrane permeability can be measured by encapsulating in vesicles a high enough 

concentration of dye so that the fluorescence is self-quenched. When dye molecules leak through the 

membrane into the exterior solution, the fluorescence of the sample increases. I have used this 

technique successfully in chapters 2 & 3 with membranes composed of fatty acid and fatty alcohol. 

 

Figure 3: Decanoic acid vesicles do not maintain encapsulation of self-quenched carboxyflorescein after 

removal of exterior dye during size-exclusion chromatography. (Left) The initial vesicle sample is dark 

red because self-quenched carboxyflorescein (60 mM) is inside and outside of the vesicles. (Right) After 

size-exclusion chromatography, the early-eluting vesicle fractions retain encapsulated dye, but the dye 

concentration has fallen below the threshold for self-quenching. 

 

 I have also attempted this experiment twice with membranes composed only of 250 mM 

decanoic acid. I prepared a vesicle sample at pH 7 with a self-quenched concentration of 

carboxyflorescein (60 mM) in the interior and exterior solution. Although I was able to remove 

unencapsulated dye from the decanoic acid vesicles, the dye concentration inside the vesicles appeared 
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to have fallen below the self-quenching concentration (Fig 3). Somehow, the interior solution became 

diluted during the size-exclusion process. Decanoic acid membranes are highly permeable, so after 

removal of unencapsulated dye, water could have entered the vesicles to dilute the carboxyflorescein so 

that the interior and exterior osmolarities became the same. In the future, one possible adjustment to 

the protocol might be to maintain the size-exclusion running buffer at a higher osmolarity, so that the 

exterior dye can be removed and the interior dye can be maintained above the self-quenching 

concentration. 

 

Section 3: vesicles of 1:1 decanoic acid: decanol give more reliable results with size-exclusion 

chromatography than vesicles of 2:1 decanoic acid: decanol. 

 Although I have had success removing unencapsulated dye from vesicles of 2:1 decanoic acid: 

decanol (chapters 2 & 3), size-exclusion chromatography occasionally fails with this membrane 

composition, meaning that I do not observe any vesicles eluting through the column. I have never 

encountered this problem with vesicles composed of 1:1 decanoic acid: decanol when I keep the total 

amphiphile concentration below 250 mM. I recommend using 125 mM decanoic acid + 125 mM decanol 

for all experiments that require encapsulation inside vesicles of prebiotically plausible amphiphiles. 

 


