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Abstract 

Lipids can spontaneously assemble into vesicle-forming membranes. Such vesicles serve as 

compartments for even the simplest living systems. Vesicles have been extensively studied 

for constructing synthetic cells or as models for protocells—the cells hypothesized to have 

existed before life. These compartments exist almost always close to equilibrium. Life, 

however, exists out of equilibrium. In this work, we studied vesicle-based compartments 

regulated by a non-equilibrium chemical reaction network that converts activating agents. 

Specifically, we use activating agents to condense carboxylates and phosphate esters into 

acylphosphate-based lipids that form vesicles. These vesicles can only be sustained when 

condensing agents are present, and without them, they decay. We demonstrate that the 

chemical reaction network can operate on prebiotic activating agents, opening the door to 

prebiotically plausible, self-sustainable protocells that compete for resources. In future work, 

such protocells should be endowed with a genotype, for example, based on self-replicating 

RNA structures that affect the protocell behavior to enable Darwinian evolution in a 

prebiotically plausible chemical system.  

Introduction 

Compartmentalization is critical for extant life as it allows for the protection of biochemical 

reaction networks, prevents dilution, and prevents the invasion of parasites. In even the 

simplest forms of life, compartmentalization is achieved through phospholipids that 

spontaneously assemble into vesicles. Phospholipid-based vesicles have been studied 

extensively as a model for the cell wall or as the building blocks for synthetic cells.1-2 

Moreover, lipids are used as a protocell model for how life could have originated in a so-

called “compartment-first hypothesis”.3-4 Excitingly, even simple, prebiotically relevant lipids 

like fatty acids also spontaneously assemble into vesicles. Moreover, such vesicles can 

grow and spontaneously divide when supplied with building blocks.5-8 While fatty acids can 

assemble into compartments and show exciting life-like behavior, there is a critical difference 

between such systems and life as we know it. Life maintains itself outside of equilibrium by 
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converting chemical energy and light into the building blocks. Even in homeostasis, a cell 

sustains itself by using resources to regulate its internal chemical reaction networks. Thus, in 

an approach towards the de novo synthesis of life but also to create models for 

compartments at the origin of life, self-sustainment outside of equilibrium should be 

considered. Therefore, we and others coupled the formation of compartments to non-

equilibrium chemical reaction cycles.9-11 In such a reaction cycle, a molecule with high 

chemical potential (that we refer to as fuel) is converted into a molecule with low chemical 

potential (waste).12-14 Reaction cycles that convert methylating agents,15-16 condensing 

agents,17-22 acylating agents,23 phosphorylating agents,24-25 and reducing or oxidizing 

agents26-28 have been well-explored. The fuel conversion transiently activates a molecule to 

assemble or phase-separate into a compartment. The activated state is shortlived and 

spontaneously reverts to its original non-activated state. Thus, at the expense of fuel, 

molecules are transiently activated to form dynamic, non-equilibrium compartments. The 

resulting compartments can, therefore, only nucleate when chemical energy is available. 

These compartments can grow or even divide when energy is abundant.29 Finally, when all 

energy is consumed, the compartments decay into their original building blocks. Such self-

sustaining compartments thus constantly compete for resources, making them an attractive 

model for protocells—protocells that do not produce new building blocks faster than their 

deactivation will naturally succumb, rendering their building blocks available for the 

competition. We envision that small advantages to individual protocells could be encoded in 

the protocell’s pre-genotype, like self-replicating molecules like RNA within the protocells 

that aid the growth or even division of the protocells. In a scenario where energy is scarce or 

only periodically fed to the protocells, those with a genotype that favors growth could 

outcompete ones without. While some self-sustaining compartments have been described 

with exciting behavior like growth30 and even division,31 the number of examples that form 

vesicle-based compartments remains limited.24 Moreover, examples that produce self-

sustaining compartments based on prebiotically plausible chemistry are scarce.32 

In this work, we developed a self-sustaining chemical system that produces non-equilibrium, 

transient vesicles based on simple, prebiotically plausible building blocks (Scheme 1). 

Specifically, we used fatty acids combined with alkyl phosphates as building blocks. When 

supplied with carbodiimides or prebiotically plausible activating agents, a reaction cycle 

starts to operate that produces acyl phosphates as an activated product. That product is 

labile and hydrolyzed to its precursor. The activated state, in its short lifetime, can assemble 

to form dynamic vesicles.  

https://doi.org/10.26434/chemrxiv-2023-fdkf2 ORCID: https://orcid.org/0000-0002-9126-2430 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-fdkf2
https://orcid.org/0000-0002-9126-2430
https://creativecommons.org/licenses/by/4.0/


 

Scheme 1. The chemical reaction cycle based on acyl phosphate chemistry leads to the 

formation of transient lipids that form out-of-equilibrium compartments. 

Results and discussion 

For the molecular design of the chemical reaction cycle, we studied various carboxylates, 

alkyl phosphate, and activating agents. As carboxylates, we explored hexanoic (C6) and 

octanoic acid (C8). For the alkyl phosphates, we synthesized hexyl (C6P) and octyl (C8P) 

phosphates as their disodium salts. The molecular design strategy was to form their 

corresponding acyl phosphate—a double-tailed molecule with an anionic phosphate head 

group. All of these starting components in the reaction cycle are well soluble in the 100 mM 

range in pyridine-containing MES-buffered water (200 mM), provided the pH remains above 

pH 6. Pyridine was added because of its ability to suppress the formation of N-acyl urea and 

to aid acyl phosphate formation.33-34 We performed all experiments at 37 °C and under 

constant stirring.  

Adding 20 mM EDC to a mixture of 40 mM C6P and 40 mM C8 initiated the reaction network 

(Figure 1A). We investigated the kinetic profile of the reaction using HPLC and the LCMS 

(Figure 1B and Supplementary Figure S1-3). We observed that the 20 mM EDC was 

consumed within the first hour after its addition, which resulted in the formation of two new, 

transient peaks in our chromatogram that were identified to be the acyl phosphate (C8-C6P) 

and the symmetric anhydride (C8C8, see Supplementary Figure S1). The C8C8 was shortlived 

and fully decayed with 2.5 hours. Instead, the C8-C6P decayed over four days. Between 1 

and 2.5 hours, the EDC was consumed while C8C8 was still present. In that short time 
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window, C8-C6P increased, from which we conclude that part of the C8-C6P is synthesized 

through the C8C8 intermediate (black arrow in Figure 1A), which is in line with very recent 

work by von Delius and coworkers.35 Additionally, we observed a decrease in the 

concentration for both C8. We detected the micromolar concentrations of by-product N-acyl 

urea (Supplementary Figure S4). We could only detect C6P by LCMS but not HPLC due to 

the UV-transparency of alkyl phosphates. We further confirmed the absence of detectable 

amounts of by-products that could be produced by EDC and alkyl phosphates, e.g., dialkyl 

pyrophosphate or the P-N adduct of the phosphate and EDU. We used the HPLC data to 

write a kinetic model that predicts the concentration of all species involved in the chemical 

reaction cycle  (See methods section in the Supplementary Information). The model solves a 

set of ordinary differential equations and fits it to the experimental data, minimizing an error 

function using a least mean square method. We validated the kinetic constants we obtained 

from fitting one set of typical reaction conditions by predicting the kinetic profiles of all 

compounds involved at different fuel levels and starting acid/phosphate concentrations. The 

set of rate constants reasonably fitted the experimentally measured kinetic profiles at varying 

fuel and starting acid/phosphate concentrations well (See Supporting Table S1). The C8-C8 

symmetric anhydride then rapidly reacts further to form the C8-C6P. The model further 

predicts that the half-life of C8-C6P to be t1/2 = 16 hours. 

To study the formation of vesicles, the same reaction (40 mM C8, 40 mM C6P, 20 mM EDC) 

as above was performed in the presence of merocyanine 540—a dye used for quantifying 

lipid domains.36-39 We found that the intensity of the MC540 increased drastically in the first 

tens of minutes after adding fuel to the reaction solution (Figure 1C). It peaked at around two 

hours, after which it steadily declined and reached its original value after over two days. 

Adding less fuel, e.g., 15, 10, or 5 mM, shortened the reaction cycle and the maximum 

emission intensity of the dye. To ensure that the increased intensity originated from forming 

vesicles, we performed cryogenic transmission electron microscopy (cryo-TEM) imaging of 

the reaction mixture (Figure 1D). Excitingly, after 6 hours, we found multilamellar vesicles of 

irregular shape and polydisperse.  

Next, we tested the critical fuel needed to initiate the vesicle formation. We used the MC450 

assay four hours after the fuel addition as a proxy for vesicle formation (Figure 1D). For the 

reaction mixture with C6P and C8, we observed the first evidence of vesicles after adding a 

minimum of 4.5 mM of fuel. Using the kinetic model, we could calculate that the reaction 

cycle had produced a maximum of 1.7 mM of the acyl phosphate C8C6P. We thus 

considered the critical vesicle concentration CVC of C8C6P to be 1.7 mM. We performed the 

same experiment with 20 mM C8P and 20 mM C8 and found that a minimum of 1.3 mM was 

required for the first indication of vesicles. According to the kinetic model, that corresponds 
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to a CVC for C8C8P of 0.35 mM. Noteworthy, the decrease of the CVC by roughly an order 

of magnitude follows the two-carbon rule for solubilities of aliphatic compounds. Finally, 

when C6 and C6P were fueled with a maximum of 20 mM EDC, we could not observe any 

evidence of vesicle formation. 

Figure 1. Formation of dynamic, transient acyl phosphate-based vesicles at the 
expense of activation agents. A. The acyl phosphate-producing chemical reaction 

network. B. The concentrations of the components of the reaction cycle against time when 

40 mM C8 and 40 mM C6P were fueled with 20 mM EDC at pH 6 in 200 mM MES buffer with 

100 mM pyridine. Markers represent the HPLC data; solid lines represent data calculated by 

the kinetic model. C. MC540 fluorescence intensity against time (ƛmax = 585 nm) with 5, 10, 

15, and 20 mM under otherwise similar conditions as B. The lines are added to guide the 

eye. D. Representative cryo-TEM image under the same conditions as described in B after 6 

hours. E. MC540 fluorescence intensity after 4 hours after adding different amounts of fuel. 

Experiments were performed with C6 mixed with 40 mM C6P (blue), 40 mM C8 mixed with 40 
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mM C6P (red), or 20 mM C8 mixed with 20 mM C8P (black) in 200 mM MES buffer with 100 

mM pyridine.  

We further investigated the nature of vesicles by confocal fluorescence microscopy. We 

used the reaction mixture of 40 mM C8 with 40 mM C6P and 20 mM EDC in the presence of 

MC540. We obtained confocal micrographs of the reaction mixture at various time points 

(Figure 2A, Supplementary Figure S5-S8). After 30 minutes, we found the first evidence of 

assemblies that were too tiny to resolve—they were either oil droplets or vesicles. Given that 

MC540 is hydrophilic and preferentially stains bilayers, we assume they were small vesicles, 

which also aligns with our finding by Cryo-TEM. After 9 hours, the vesicles had grown to 

multiple micrometers in diameter, and their membranes could easily be resolved.  After 15 

hours, as the vesicles were decaying, we observed that they underwent a morphological 

transition, i.e., only a few large vesicles were found, and most had merged with a large, 

spherical assembly that had incorporated a large amount of MC540, given their high 

fluorescence intensity. After 24 hours, no vesicles were detected in the reaction mixture; 

instead, there were just bright micrometer-sized spherical assemblies. We hypothesize that 

the spherical assembly is a sponge-like, continuous lipid phase given that it had 

incorporated MC540 than a typical bilayer. Moreover, cryo-TEM after 24 hours revealed the 

formation of a spongelike phase with interlamellar attachment points (See Supplementary 

Figure S9). After 48 hours, the sample was mostly free of any assemblies corroborating the 

transient nature of the vesicles. To better understand the nature of the vesicles, we isolated 

them from their surrounding solution by spinning them down in a centrifuge after 6, 15, and 

24 hours. The pellet was resuspended in buffer and analyzed by HPLC for its composition. 

Early in the cycle, i.e., after 6 or 15 hours, the vesicles comprised almost equal parts of the 

C6P, C8, and C8C6P. Later in the cycle, we found that the fraction of C6P had increased at the 

cost of both C8 and C8C6P. Noteworthy, the reaction cycle with C8 and C8P also produced 

vesicles as evidenced by confocal and electron microscopy (See Supplementary Figure 

S10). 

From the data above, we establish a tentative model to describe the self-assembly process 

of the components in the reaction cycle in response to chemical fuel (Figure 2C). First, the 

self-assembly can only occur in response to fuel, from which we conclude that the bilayer 

formation is driven by the formation of the acyl phosphate C8C6P. Nevertheless, the 

assembly is a coassembly of C6P, C8, and C8C6P, as evidenced by the spin-down 

experiments. We hypothesize that all components co-assemble to form a bilayer with the 

aliphatic tails pointing inward. As the system runs out of chemical fuel, no new C8C6P is 

formed. Thus, with time, the C8C6P concentration decreases, which also changes the ratio of 

the components in the assembly—more C6P and C8 accumulate in the assemblies. That 
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shift in the ratio drives a change in the packing of the bilayer such that a bicontinuous bilayer 

phase that comprises mostly C6P forms. Finally, when all C8C6P is hydrolyzed, the 

bicontinuous bilayer phase dissolves, and the system is reset. 

Figure 2. A. Confocal micrographs of 40 mM C8 and 40 mM C6P fueled with 20 mM EDC in 

200 mM MES pH 6 and 100 mM pyridine. Various time points demonstrate the formation of 

the vesicles and their transition to the bicontinuous phase in the later stages of the reaction 

cycle with subsequent decay.  B. The composition of the vesicles at various time points of 

the reaction cycle. C. Schematic representation of the emergence and morphological 

transition of the vesicles during the reaction cycle. 

 
Next, we tested whether the self-sustaining vesicles from simple building blocks could also 

be formed using prebiotically plausible fuels. Instead of EDC, we thus used the condensing 

agents 2-cyanoguanidine, cyanamide, dicyandiamide, and methyl isocyanide (Figure 3A), all 

of which have been proposed to be present on early earth before the emergence of life.40-41 

We used 100 mM of each condensing agent to fuel the reaction networks of 40 mM of C8 

and C6P. Unlike the previous experiments, we did not use MES as a buffer but only used 

pyridine. For 2-cyanoguanidine and cyanamide, we found no evidence of the acyl phosphate 

by HPLC-MS. For dicyandiamide, we found only traces of the acyl phosphate in the mass 

spectrometer. Excitingly, for methyl isocyanide, we observed up to 4 mM of the acyl 
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phosphate C8C6P. Like the experiments above, we followed the evolution of the reaction 

cycle by HPLC MS (Figure 3B and Supplementary Figure 10). The concentration of C8C6P 

increased and peaked at around 24 hours, i.e., later than when we used EDC as fuel. After 

that, the C8C6P concentration decayed steadily over the next few days. We refitted the 

HPLC data using the kinetic model. The kinetic model verified that the activation was slower 

with methyl isocyanide as fuel compared to EDC. Finally, we confirmed that the pH did not 

change throughout the experiment despite lacking a buffer (See Supplementary Figure 12). 

Next, we used the MC540 assay to verify that the system could produce self-sustaining 

vesicles using MIC as a fuel. We measured the intensity of the MC540 emission 24 hours 

after adding different amounts of fuel and determined that a minimum of 30 mM of MIC was 

needed to induce vesicle formation. Using the kinetic model, we calculated that this 

corresponded to a critical vesicle concentration of 1.1 mM C8C6P, which aligns with the CVC 

found for EDC as fuel. Finally, we imaged the solutions formed with 100 MIC using confocal 

microscopy. In line with using EDC as fuel, we found the emergence of small vesicles, 

which, throughout tens of hours, grew to large unilamellar vesicles. Again, towards the end 

of the cycle, the vesicles transitioned into vesicles with a bicontinuous phase.  

 

Figure 3. Self-sustaining vesicles by prebiotic fuels. A. Different prebiotically relevant 

fuels were tested in the acyl phosphate-producing reaction cycle. B. The concentration of 

C8-C6P against time when 40 mM C8 and 40 mM C6P were fueled with 100 mM. The solid 

line represents the data predicted by a kinetic model. C. The MC540 fluorescence intensity 

was measured 24 hours after adding different amounts of MIC to a solution as described in 

B. D. Confocal micrograph of the solution described in B at various time points.  

Conclusions 
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We presented a chemical reaction network that produces self-sustaining, dynamic vesicles 

based on simple molecules and driven by the conversion of activating agents. The reagents 

used in the network have been demonstrated to be prebiotically plausible, and the fuel-

dependent vesicle could thus be used as a protocell model. In future work, we will combine 

these self-sustaining vesicles with catalysts, for example, catalysts that can convert prebiotic 

reagents into condensing agents driven by light. We will also combine the protocells with 

RNA sequences to test whether a pre-genotype, in the form of information containing RNA, 

can influence the behavior of the protocells, for example, their ability to survive starvation 

periods or their ability to divide.  
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