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ABSTRACT: Division is crucial for replication of biological compartments and by extension a fundamental aspect of life. Current studies
highlight the importance of simple vesicular structures in prebiotic conditions, yet the mechanisms behind their self-division remain poorly
understood. Recent research suggests that environmental factors can induce phase transitions in fatty acid-based protocells, leading to vesicle
fission. However, the transduction role of chemical energy in facilitating vesicle division has been less explored. This study investigates a
mechanism of vesicle self-division driven by chemical energy without complex molecular machinery. We demonstrate that simple vesicles can
undergo division into smaller daughter vesicles upon exposure to a chemical fuel. Our findings reveal that the division mechanism is finely
controlled by adjusting fuel concentration, offering valuable insights into primitive cellular dynamics. This process showcases the robustness
of self-division across different fatty acids, retaining encapsulated materials during division and suggesting protocell-like behavior. These re-
sults underscore the potential for chemical energy to drive autonomous self-replication in protocell models, highlighting a plausible pathway
for the emergence of life. Furthermore, this study contributes to the development of synthetic cells, enhancing our understanding of the min-

imal requirements for cellular life and providing a foundation for future research in synthetic biology and the origins of life.

The essence of life depends fundamentally on the ability of biologi-
cal compartments to replicate and divide, characteristics that are
critical in all known life forms. The origins of life are thought to
date back to simple structures, such as droplets or membranous
vesicles composed of amphiphilic molecules, likely precursors of
modern complex cellular architectures.' These primitive com-
partments, possibly formed by simple fatty acid vesicles, are fun-
damental to understanding how life could have begun under prebi-
otic conditions. Despite extensive studies, the mechanisms by
which such simple vesicular structures could generate offspring
through self-division, especially in the absence of the complex mo-
lecular machinery typical of contemporary life forms, remains poor-
ly understood.* In contrast, modern cell division within phospho-
lipid compartments is highly regulated and involves intricate net-
works of macromolecular complexes, enzymes, and proteins.’ This
process starkly contrasts early protocellular systems, which, lacking
such complex components, must have relied on fundamentally
different mechanisms for replication and division®™.

The division of biological compartments that use chemical energy
without the mediation of complex molecular machinery is rarely
described, underscoring an important gap in our understanding of
primitive life processes.” Recent advances have highlighted how
environmental factors such as temperature, pH, and UV light in-
duce phase transitions in fatty acid-based protocells, leading to
vesicle fission and daughter vesicles.*”'*'! These findings suggest
that environmental conditions may have played a critical role in
replicating early protocells. Furthermore, studies have shown that
self-assembling single-chain amphiphiles, likely available in the
prebiotic environment, played a fundamental role in the advent of
primitive cell cycles.”>"* However, the instability of prebiotic fatty

acid-based membranes to temperature and pH suggests that primi-
tive cells could only host prebiotically relevant processes in a nar-
row range of non-fluctuating environmental conditions."*

This work introduces a mechanism for membranous vesicle self-
division facilitated by converting a sacrificial molecule with high
chemical potential. We use a chemical cycle driven by a car-
bodiimide, a condensing agent hypothesized to have played a key
role in prebiotic chemical reactions, to induce significant structural
changes in vesicles composed of a succinic acid derivative."'® This
highly versatile molecule can spontaneously form vesicles at pH
above 4.5, while it exists as oil droplets at lower pH levels (Scheme
1a). The reaction cycle involves the conversion of the diacid-
molecule within the vesicle into transient oily anhydride molecules
(Scheme 1b,c), followed by rapid hydrolysis back to amphiphilic
constituents. Interestingly, this dynamic process leads to the local
formation of new bilayers and the generation of daughter vesicles.
By carefully controlling the conversion, we can direct the formation
of these vesicles, offering new insights into protocellular behaviors.

In addition, our research explores the transfer of molecular con-
tents from progenitor vesicles to the newly formed compartments,
providing insights into how protocellular systems might have man-
aged resource distribution and compartmentalization during divi-
sion. By elucidating this mechanism of chemically-driven self-
division, our work aims to deepen our understanding of primitive
cellular functions and contribute to the emerging field of synthetic
biology, where creating cells with autonomous division capability
remains a major challenge’*'. Finally, we extended our study of
the self-dividing mechanism of our initial amphiphilic molecule to
include prebiotic vesicles composed of decanoic acid, a molecule be
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Scheme 1: Vesicle Formation and Self-Division Mechanism. (A) C10 forms oil droplets below pH 4.5 and vesicles above pH 4.5. (B) High EDC
concentration converts vesicles to oil droplets, while low EDC induces vesicle division. (C) EDC facilitates the conversion to anhydride, leading to hy-

drolysis, bilayer formation, and daughter vesicle generation.

lieved to have been abundant on the early Earth'>*7*. Our results
revealed that decanoic acid vesicles can divide even at low car-
bodiimide concentrations. This extension of our investigation
demonstrates the robustness of the mechanism of self-division in
different amphiphilic systems, suggesting that such processes could
have played a crucial role in the self-replicative behaviors of early
protocells. This aspect of our study not only tests the versatility of
our proposed mechanism in diverse lipid-like environments but
also enhances our understanding of the types of molecular assem-
blies that could have facilitated the emergence of life”"*. Our work
also lays the conceptual foundation for developing synthetic cells
capable of autonomous self-replication, reflecting the most basic

properties of life**”".

Results and Discussion

A Chemically Fueled Morphological Transition Towards
Smaller Vesicles

For our amphiphiles, we use a succinic acid-based fatty acid. In
previous work, we found that this molecule is readily converted to

anhydride using chemical energy.'® Specifically, we used 2-decen-1-

yl-succinic acid (C10) at 65 mM in 200 mM MES buffer, the condi-

tions throughout the work. We found that the behavior of C10
varies drastically with pH, which was investigated by confocal mi-
croscopy and turbidity measurements (Fig. S1)**. At pH below 4.0,
we observed that C10 predominantly forms oil droplets, whereas at
pH above 4.5, unilamellar and multilamellar vesicles emerge clearly
in solution. We measured the pKa for C10 to be 5.41 (Fig. $2) and
can therefore conclude that C10 transitions from vesicles to oil
droplets when its carboxylates become protonated. This behavior is
in line with other fatty acids that tend to form oil droplets at pH
values below their pKa and transition to form vesicles near their
pKa. '**%_ Following our confocal microscopy findings, we focused
on working at a pH of 4.9 to ensure a constant presence of vesicles.
Additionally, we found that the critical vesicle concentration is
above 1 mM (Fig S3). Additional confocal experiments were con-
ducted to determine the optimal concentration of C10 at which
vesicles were formed that were predominantly greater than 1 pym in
size form (Fig S4-S6).

Our reaction cycle uses a condensing agent (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC or fuel)

as a chemical fuel to convert CI0 to its corresponding
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Figure 1. (A) Confocal micrographs of the morphological transition of a C10 multilamellar vesicle (65 mM) in response to EDC 23 mM at pH 4.9.
The vesicles were stained with 2 pM Nile Red to highlight structural features. (B) The number of vesicles generated after adding different EDC con-
centrations. n = 25 (per condition, images analyzed). ANOVA was used to identify significant group differences, p < 0.0001****. Variance homogene-
ity was confirmed by Brown-Forsythe and Bartlett’s tests, both p < 0.0001****. The model explains 91.92% of the variance (R* = 0.9192). (C) Aver-
age diameter of vesicles generated after addition of EDC 65 mM to C10 solution (65 mM). Unpaired t-test analysis between 'Before fuel' and 'EDC
65 mM', p < 0.0001****. n = 68 for 'Before fuel' and n = 8131 for 'EDC 65 mM'. (D) Comparative histogram and Gaussian fits of vesicle size distribu-
tion after addition of EDC 65 mM to C10 vesicles solution (65 mM). Bars represent vesicle size histograms for the 'Before fuel’ group (n = 68, blue)
and '65 mM EDC' group (n = 8131, orange). Lines represent Gaussian fits: 'Before fuel' group (blue): amplitude 0.1236, mean 15.36 pm, SD 6.820
pm; '65 mM EDC' group (orange): amplitude 0.5916, mean 2.684 pm, SD 1.103 pm; (E) cryo-TEM micrographs of C10 vesicles (6SmM; MES buff-
er 200 mM; pH 4.9) before and after (F) addition of EDC 23 mM. Scale bar: 200 nm; (G) Results of dynamic light scattering (DLS) analysis of 400
nm multilamellar C10 vesicles obtained by extrusion (blue) after exposure to 23 mM EDC (orange). Error bars represent standard deviations (SD)
withn=3.

anhydride (activation). The anhydride is unstable in the aqueous
medium and hydrolyzes to the precursor (deactivation). Therefore,
when a finite amount of fuel is added, the anhydride emerges and
disappears again as the fuel is depleted.">'”'* Using confocal mi-
croscopy, we observed remarkable transformations upon adding
EDC to a vesicle solution of 65 mM C10— in the first 60 seconds
after adding 23 mM EDC, we observed a marked increase in the
fluorescence intensity of the vesicles. This increase is attributed to
the solvatochromic dye Nile Red, whose quantum yield is greater in
oily phases than in lipid bilayers. Moreover, minutes after the addi-
tion of EDC, the lumen of the vesicles was no longer observed (Fig.
1A). We conclude that the vesicles were almost all completely con-
verted to oil droplets as a result of the partial conversion of the C10
into its corresponding anhydride. In the following minutes, the

fluorescence intensity decreased again, and new membranous
structures formed on the surface of the oil droplets. These new
“daughter” vesicles were initially elongated and attached to the
mother vesicle, then began to grow and, after 15 min, adopted
unilamellar and multilamellar forms. However, these new vesicles
remained attached to the mother vesicle until, finally, the original
multilamellar vesicles reduced in size and disappeared completely,
leaving a set of separate, individual daughter vesicles (Fig. 1A, Fig.
S7, Movie S1-S2). Likely, the new vesicles formed as the reaction
cycle was deactivating the anhydride state and thus, locally, produc-
ing C10 amphiphiles. In addition, we monitored the pH of the reac-
tion cycle throughout the experimental timeline to ensure that pH
fluctuations did not influence our observations. Consistently, the
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pH remained stable at around 4.95 after adding EDC (Supplemen-
tary Table 3)

We quantified the production of daughter vesicles using confocal
microscopy, by imaging the C10 vesicles before and after adding
varying concentrations of EDC, with at least 25 images captured
per condition. We observed that the number of vesicles increases
significantly with higher EDC concentrations, evidencing a dra-
matic increase when the EDC concentration is raised from 16 mM
to 65 mM (Fig. 1B). For example, with 16 mM EDC, the number
of vesicles doubles compared to the initial amount observed before
fuel addition. This upward trend suggests that the efficiency of
EDC-induced vesicle division is markedly enhanced as its concen-
tration increases. On the other hand, we also observed a significant
reduction in the size of vesicles formed in response to EDC com-
pared to the parent vesicles (Fig. 1C-D). Specifically, while the
average diameter of the stock vesicles was approximately 15.8 + 5.6
pm, the vesicles formed after EDC addition showed an average
diameter of only 3.6 + 2.0 ym (Fig. S8). This demonstrates the
efficacy of EDC in increasing the number of vesicles and its ability
to promote structural cleavage of vesicles, resulting in smaller and
more numerous units. This effect was more pronounced at higher
EDC concentrations, where the decrease in vesicle size was even
more evident. These changes reflect a dynamic process of vesicle
reorganization and division driven by the addition of EDC.

To investigate whether this mechanism of EDC action depends on
the initial vesicle size, we carried out experiments with C10 vesicles
prepared by extrusion through a 400 nm filter. Before the addition
of fuel, cryo-TEM micrographs reveal vesicles that were polydis-
perse in size ranging from a diameter of 50 nm to hundreds of nm,
despite the extrusion at 400 nm (Fig. 1E). We hypothesize that the
vesicles rapidly fuse due to their fatty acid nature and their high
concentration. Furthermore, DLS confirmed the polydisperse na-
ture with a broad peak centered around 400 nm (Fig. 1G). Never-
theless, 1.5 hours after adding 23 mM EDC, cryo-TEM micro-
graphs show a marked decrease in vesicle size (Fig. 1F). DLS analy-
sis further corroborates these observations—following the EDC
exposure, the DLS data reveals a significant shift in the size distribu-
tion towards smaller vesicle sizes, around 100 nm. Additionally, a
secondary peak around 1000 nm suggests the presence of larger
vesicular structures pointing towards the rapid fusion of these vesi-
cles. These findings generally align with recent studies suggesting
membrane phase transitions driven by environmental fluctuations
can generate daughter protocells with reorganized contents.*'* In
contrast to these studies, where phase transitions are induced by
temperature and pH fluctuations, our research demonstrates that
fuel-driven chemical conversion can effectively induce vesicle divi-
sion and daughter vesicle formation.

Controlled Activation Leading to Vesicle Self-Division

The data above shows chemical fuel can induce a morphological
transition from vesicles to oil droplets to smaller vesicles. However,
the intermediate oil droplets are destroying the original vesicles,
and the process is too drastic to call it self-division. We hypothe-
sized that smaller amounts of fuel could prevent the complete col-
lapse of the vesicles into oil droplets and, instead, lead to a bilayer
swollen with some oil. The local production of fatty acids through

the oil’s hydrolysis could produce new vesicles. Such a process
would be closer to self-division. Following this approach, we added
less fuel to the multilamellar vesicles (10 mM EDC, 65 mM C10,
pH 4.9). Data obtained by confocal microscopy showed that activa-
tion of the precursor results in a moderate increase in fluorescence
intensity of the vesicles surface, indicating a slower minor conver-
sion of the precursor to anhydride (Fig. 2A; Movie S3). Important-
ly, the multilamellar vesicles mostly stayed intact instead of fully
converting to an oil droplet. Surprisingly, after 8 min, we could
observe the formation of thin, unilamellar membranous structures
on the surface of the multilamellar vesicles, which slowly grew into
elongated compartments (Fig. S9). These new membranous struc-
tures remained attached to the mother vesicle for more than 7 min
until they finally separated from the mother vesicle. This process of
producing daughter vesicles continued for 15 minutes. The division
behavior was heterogeneous as some vesicles produced many small
daughter vesicles, whereas others produced only a few. The hetero-
geneity is likely a result of localized variations in the concentration
of reactants and the structural integrity of the vesicle membrane.
Observing these varying growth rates provides valuable insights
into the mechanistic aspects of vesicle division, highlighting the
complex interplay between chemical kinetics and membrane dy-

namics (Fig. S9, Movie $4-S5).

To understand the chemical kinetics behind the self-division, we
used high-performance liquid chromatography (HPLC) to exam-
ine the evolution of the concentrations using 65 mM C10 and 10
mM EDC. We monitored the concentration of C10, its corre-
sponding anhydride, and EDC (Fig. 2B; Fig. S10). We found an
initial rapid increase in the anhydride concentration simultaneously
with a consumption of the EDC. After this initial increase, the an-
hydride concentration steadily decreased until it disappeared with-
in 30 minutes. This linear decay can be explained by a self-
protection mechanism that we previously documented.'*'® In this
mechanism, the anhydride is encapsulated and isolated from water,
leading to the hydrolysis to occur exclusively on the anhydride that
remains in the aqueous medium, resulting in a linear decrease of the
anhydride until all droplets have completely dissolved. Such a pat-
tern establishes that the decomposition rate is directly linked to the
solubility of the anhydride, which is constant. Using this self-
protection model, we could accurately fit and predict the reaction
kinetics described in our reaction cycle (Supplementary Infor-
mation - Methods).

In parallel, we monitored the evolution of the optical density at 600
nm by absorbance measurements in response to various amounts of
fuel (Fig. 2C). The data revealed a rapid, slight increase in turbidity
during the first few minutes after 10 mM EDC addition which we
attributed to a gradual decrease in turbidity as these droplets hydro-
lyzed and dissolved. Minutes after, the turbidity decreased back to
the original level. The process correlates nicely with the behavior of
the system. With 10 mM of EDC, the division was mostly visible by
microscopy in the first 10 minutes, backed by the anhydride and
turbidity decaying in the first 10 minutes. When more EDC was
added, the turbidity increased strongly, indicating the formation of
oil droplets in line with our earlier observations (Fig. 1.).
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Figure 2. (A) Generation of "daughter” vesicles from the surface of a multilamellar vesicle. Conditions: C10 65 mM precursor (Nile Red dye; 2 uM),
EDC 10 mM, MES buffer 200 mM, pH 4.94. The arrow indicates the location of the emergence of the "daughter" vesicle and its trajectory until it
detaches from the "mother” vesicle. (B) C10 anhydride concentration as a function of time (symbols; triplicates) and kinetic model (line) for 65 mM
precursor in the presence of different EDC concentrations. (C) Turbidimetry measurements at 600 nm for 65 mM precursor at different EDC con-
centrations. Error bars represent standard deviations (SD) with n = 3. Inset: visual observation of turbidity changes over time. (D) Division process of
multilamellar vesicles (labeled with 20 uM Nile Red) with encapsulated material (labeled-DNA; 1.5 uM) in the presence of 10 mM EDC. The se-
quence reveals the formation of smaller daughter vesicles, maintaining the integrity of the encapsulated material.

To refer to the production of new vesicles as a division, we ensured
that the contents of the mother vesicles were transferred to the
daughter vesicles instead of the production of new vesicles outside
of the original one. Previous studies have shown that maintaining
the integrity of encapsulated materials during vesicle division is a
significant challenge, as many systems lose their internal contents
due to membrane instability.**"* Thus, we studied various tech-
niques to encapsulate molecules within our multilamellar vesicles
(See Supplementary Information — Methods) and found that they
can retain fluorescently labeled DNA (Fig. S11). Remarkably, these
vesicles managed to divide in response to 10 mM EDC and pro-
duced daughter vesicles smaller than the parent vesicle, which con-
tained some of the encapsulated labeled DNA after the division.
Confocal microscopy experiments (Fig. 2D; Movie S6) captured
this process, where vesicles with Nile Red-stained membranes and
encapsulated labeled DNA were observed at various time points

after adding 10 mM EDC. At 4 minutes, the vesicles showed par-
tially converted anhydride membranes, indicated by a slight thick-
ening. They increased Nile Red intensity compared to the thinner,
intact vesicles (Fig. S11). By 10 minutes, small daughter vesicles
began forming on the mother vesicle's surface, clearly retaining the
encapsulated DNA within their interiors. By 15 minutes, these
daughter vesicles slowly detached from the mother vesicle, as
shown in the images. Finally, at 17 minutes, the mother vesicle was
observed without the daughter vesicles, which had dispersed into
the solution and moved out of the focal plane. We also found that
EDC at the same concentration can induce inner membrane rear-
rangements in multilamellar vesicles (Fig. S12). This capacity to
produce smaller daughter vesicles while preserving the encapsulat-
ed contents could have profound implications for developing syn-
thetic cells and studying protocell evolution.
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Figure 3. (A) Confocal micrographs showing the division sequence of decanoic acid (DA) vesicles (50 mM; pH 6.8) upon exposure to 0.4 mM EDC.
Over time, the vesicle structure becomes disrupted, leading to the formation of smaller daughter vesicles. Dye: Nile Red 2 yM.; (B) Turbidimetry
measurements at 600 nm for DA vesicles (50 mM) in MES buffer (200 mM, pH 6.8) with varying EDC concentrations (0.4-1.0 mM).; (C) Dynamic
light scattering (DLS) analysis of DA vesicles (400 nm multilamellar vesicles obtained by extrusion). The blue curve represents the size distribution
of initial vesicles. In contrast, the orange curve shows the size distribution after exposure to 0.4 mM EDC (40 min). Error bars represent standard

deviations (SD) with n = 3.

We extended our study to decanoic acid (DA), which is considered
more prebiotically plausible than C10 and has been much more
studied. *****'~** First, we determined the critical concentration for
vesicle formation (CVC) and the optimal pH for vesicle formation
(Fig. $13-S16). *'>**** At a concentration of 50 mM DA in 0.2 M
MES buffer at pH 6.8, the vesicles were numerous and generally
small, not exceeding SO ym. Unlike the large multilamellar vesicles
of C10, DA vesicles were predominantly unilamellar and more
abundant (Fig. $16). We then investigated the behavior of these
vesicles upon the addition of EDC (Fig. 3A). In line with the data
on C10, at 2 minutes after 0.4 mM EDC addition, the Nile Red in
the vesicle membrane exhibited increased brightness pointing to
the intermolecular anhydride formation. Numerous smaller vesicles
in the vicinity also transformed into anhydride droplets (bright
points). Additionally, EDC induced an accumulation of anhydride
in a specific region of the membrane (indicated by the arrow),
which, after 10 minutes, hydrolyzed and formed smaller daughter
vesicles. These daughter vesicles detached from the mother vesicle
and dispersed into the solution (arrows). At 13 minutes, the moth-
er vesicle underwent internal membrane reorganization, eventually
leading to complete division by 24 minutes (Movie S7), demon-
strating that the self-division mechanism explored with C10 also
functioned effectively with decanoic acid. This finding is significant
as it shows the robustness of the condensing agent-induced division
mechanism across different amphiphilic systems.

In contrast to C10, much less EDC was required to induce a re-
sponse by the system. For example, turbidimetry measurements at
600 nm with varying EDC concentrations show that as little as 0.4
mM EDC is sufficient to increase the turbidity (Fig. 3B) compared
to the 10 mM EDC required to induce a response for C10 vesicles
(Fig. 2B). We explain the drastic difference between the two seem-
ingly similar amphiphiles by the drastically different nature of the
anhydride. Specifically, we expect the anhydride of C10 to be dras-
tically more water-soluble than its DA anhydride counterpart be-
cause the anhydride of C10 has an intramolecular anhydride,
whereas the C10 anhydride is intermolecular. Therefore, the Car-
bon number per anhydride is almost twice as high for the anhydride
of DA, drastically decreasing solubility. As a result, less anhydride is
needed to induce a response. In line with the C10 amphiphiles, the

turbidity initially rose and leveled off over the course of an hour.
Notably, the pH of the solution remained constant throughout the
reaction, ensuring that the observed changes were due to the chem-
ical processes induced by EDC rather than pH fluctuations (Table
S4). Finally, we explored the reaction in nanometric DA vesicles
obtained by extrusion (400 nm). Dynamic light scattering (DLS)
analysis quantified the changes in size of these 400 nm multilamel-
lar DA vesicles in the presence of EDC (Fig. 3C). After extrusion,
the vesicles showed a relatively broad peak around 400 nm. One
hour after the addition of EDC, the peak at 400 nm was still present
but now accompanied by a smaller peak corresponding to vesicles
of 50-100 nm in diameter, further corroborating the self-division of
the fatty acid vesicles. The coherence between confocal microsco-
py, turbidimetry, and DLS data underscores the robustness of the
chemical conversion mechanism in inducing vesicle division.

Conclusions

We demonstrated a fatty acid-based vesicle division mechanism
driven by the chemical potential harvested from the hydration of
the condensing agent EDC without relying on complex molecular
machinery. Using vesicles comprising a succinic acid derivative
(C10) or decanoic acid (DA), we observed that both systems, in-
dependently, could undergo division into smaller daughter vesicles
even at low EDC concentrations. The DA vesicles also demonstrat-
ed self-division, supporting the robustness of this mechanism
across different amphiphilic systems. This process retained encap-
sulated contents, suggesting potential protocell-like behavior. The
findings indicate that the rate of anhydride hydrolysis and subse-
quent vesicle formation can be finely controlled by adjusting EDC
concentration, offering valuable insights into the dynamics of prim-
itive cellular processes. These insights contribute to the founda-
tional understanding of developing synthetic cells capable of au-
tonomous self-replication.

The ability of DA vesicles to undergo EDC-induced division with-
out complete disintegration has significant implications for synthet-
ic biology. This process provides a model for designing robust, self-
dividing synthetic cells that mimic early protocellular behaviors.
Future research could focus on integrating genetic and metabolic
components within these vesicles, advancing our understanding of
the minimal requirements for cellular life. The insights gained from
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this study could inform the development of novel biomimetic ma-
terials and systems with applications in drug delivery, biosensing,
and the creation of artificial life forms. This detailed analysis en-
hances our understanding of vesicle dynamics and division, open-
ing new avenues for exploring the origins of life and developing
synthetic biological systems.

Supporting Information
Extended materials and methods, supporting tables and figures with
additional data and analysis, including rate constants, reaction pH over
time, absorbance and titration curves, additional confocal micrographs,
and supplementary movie descriptions.
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