
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

4:
05

:0
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Compositional se
aDepartment of Life Science and Technolog

Japan
bEarth-Life Science Institute (ELSI), Institute

E-mail: matsuura_tomoaki@elsi.jp
cMAQsys Inc., Kanagawa 213-0012, Japan
dDepartment of Earth and Planetary Science

8550, Japan

Cite this: Chem. Sci., 2025, 16, 23321

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 26th June 2025
Accepted 29th October 2025

DOI: 10.1039/d5sc04710b

rsc.li/chemical-science

© 2025 The Author(s). Published by
lection of phospholipid
compartments in icy environments drives the
enrichment of encapsulated genetic information

Tatsuya Shinoda,a Natsumi Noda, b Takayoshi Watanabe,bc Kazumu Kaneko,d

Yasuhito Sekineb and Tomoaki Matsuura *b

The lipid world hypothesis proposes that both intracellular components and the chemical composition of

the membrane compartment can act as heritable information, contributing to protocellular fitness.

However, there are few experimental demonstrations of membrane compositional selection, and none

of them have expanded to the associated transfer of encapsulated contents, representing a possible

early form of inheritance. Here, we quantitatively demonstrated that the growth of phospholipid vesicles

depends on their lipid composition under freezing and thawing (F/T) cycling: vesicles with more

unsaturated bonds in the acyl chain showed higher growth, membrane mixing, and content mixing

efficiencies. When vesicles composed of phospholipids with either one or two unsaturated bonds were

mixed and subjected to F/T cycles, a selective enrichment of the lipid with two unsaturated bonds was

observed in the grown vesicles. Moreover, selection acting on lipid composition was propagated to the

encapsulated genetic material, which was also enriched, while it did not play a particular role and thus

was selectively neutral. We conclude that membrane lipid composition can be a direct target of

selection for grown vesicles under an icy environment, leading to indirect but concurrent enrichment of

compartmentalized genetic molecules—independent of their encoded information.
Introduction

Compartmentalizationwas likely a key factor for the origin of life.
With distinct compartments that shield internal chemical
components and their reactions from the external environ-
ment,1,2 primordial cells could diversify and compete, leading to
early Darwinian evolution.3 Experimental studies support this
view, demonstrating that diversity among encapsulated systems
can induce competition among protocells.4–6 The lipid world
hypothesis, however, argues that both the encapsulated systems
and the membrane compartment itself carry heritable informa-
tion and contribute to protocellular tness7 – a perspective that
emphasizes the importance of the membrane and its composi-
tion. Indeed, simulations using the graded autocatalysis repli-
cation domain (GARD) model suggest that lipid assemblies can
store and transmit their lipid compositions as heritable infor-
mation, allowing specic compositions to adapt to environ-
mental pressure.8–10 Building upon these theoretical insights,
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compositional selection has been experimentally demonstrated
with oil droplets11 and phospholipid-fatty acid mixed
membranes.12–14 Although oil droplets and fatty acid vesicles offer
certain advantages in a prebiotic context due to their simplicity
and plausibility,15 a high permeability to biomolecules, protons,
and other ions,16,17 limits their ability to store compartmentalized
metabolites and diminishes their relevance as effective models of
a primordial cell. In contrast, phospholipid membranes exhibit
an enhanced capacity for retaining compartmentalized
contents,16–18 and could be synthesized under prebiotic
conditions.19–21 Therefore, it is possible that protocells weremade
of phospholipids, while it is unclear if compositional selection
could occur with these compartments.

As compartments generally grow in size before ssion, the
growth of a compartment is likely a prerequisite for the prolif-
eration of protocellular systems,22 and a fast growth rate within
a certain environment would be a selective advantage for the
protocell. While contemporary cells use sophisticated molecular
machinery for compartment growth, various growing mecha-
nisms for primordial cells have been proposed, including uptake
of lipid molecules or micelles,23,24 vesicle fusion25,26 and even in
situ synthesis of amphiphiles.20,27 Among them, vesicle fusion
induced by freeze–thaw (F/T) cycles28 has been a prebiotically
plausible and thus an attractive strategy for its contents trans-
ferring capacity and more importantly due to the universal
potential for temperature cycling on early Earth29 and other
Chem. Sci., 2025, 16, 23321–23329 | 23321
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planetary bodies like icy moons.30 If phospholipid composition
contributes to protocellular tness, a selective enrichment of
specic phospholipid compositions in the vesicle “offspring”
should be detectable. Likewise, the encapsulated molecules,
including metabolites and genetic information, should also be
enriched even if they do not play a particular role and thus are
selectively neutral. This could be representing a possible primi-
tive form of inheritance. This inheritance is governed by the
selection based on the physicochemical properties of compart-
ments and the direct transfer of their components, in contrast to
canonical genetic inheritance, where gene-encoded functions
play the major roles. Yet, no experimental demonstration of such
selection dynamics in phospholipid vesicles has been reported.

In this study, we experimentally explored phospholipid-
dependent vesicle growth within an icy environment undergoing
cycles of F/T. We found that vesicles with different lipid compo-
sitions do exhibit variation in growth rate under F/T conditions
(Fig. 1A). When vesicles with different lipid compositions were
mixed, F/T induced a selective partitioning of the phospholipid
with more unsaturated bonds (Fig. 1B). Finally, we found that the
F/T-induced selection for growth-prone phospholipid led to the co-
enrichment of their compartmentalized genetic molecules, even
though these materials were not playing a particular role and thus
selectively neutral (Fig. 1C). This study is the rst to demonstrate
the selection of phospholipid composition and accompanied
enrichment of compartmentalized genetic molecules in an icy
environment, a prebiotically plausible environment that can
trigger the growth of protocells.
Results and discussion
F/T cycles induce phospholipid-dependent vesicle fusion

We rst investigated whether vesicles subjected to F/T condi-
tions show variable degrees of growth depending on lipid
Fig. 1 Schematics of freeze–thaw (F/T) cycles applied to vesicles compo
phospholipid compositions. Fusion occurs more efficiently in the order
vesicles. The blue lipid is preferentially recruited into growing vesicles. (C)
encapsulated DNA is different but selectively neutral. (D) Chemical stru
glycero-3-phosphocholine (POPC, 16 : 0–18 : 1 PC), 1-palmitoyl-2-lino
oleoyl-sn-glycero-3-phosphocholine (DOPC, 18 : 1 (D9-Cis) PC).

23322 | Chem. Sci., 2025, 16, 23321–23329
compositions (Fig. 1A). Large unilamellar vesicles (LUVs) with
four different lipid compositions, i.e., (i) 100% POPC, (ii) 80%
POPC: 20% PLPC, (iii) 50% POPC: 50% PLPC, and (iv) 100%
PLPC, were prepared (Fig. 1D). The initial vesicle size (∼100 nm
in diameter) was conrmed by dynamic light scattering (DLS)
analysis and transmission electron microscopy (TEM) (Fig. 2A,
top; Fig. 2B, top). To increase fusion efficiency during F/T,
vesicles were pelleted using an ultracentrifuge (630 000 g for
30 min at 4 °C; hereaer, the term “pellet” refers to ultracen-
trifugation under these conditions), bringing the vesicles into
proximity with each other. F/T was performed by freezing vesi-
cles in liquid nitrogen for 1 min and then thawing at room
temperature (∼24 °C) for around 10min until the ice completely
melted. The thawed sample was vortexed prior to pelleting for
subsequent F/T cycles (Fig. 2C). Aer repeating F/T three times
(denoted as 3 × F/T cycles hereaer), DLS measurements
showed new peaks with vesicle diameters increase by one or
more orders of magnitude compared to the original diameter
for all phospholipid compositions tested (Fig. 2A, bottom).
Consistently, TEM observations also revealed enlarged and
fused vesicles aer 3 × F/T cycles (Fig. 2B, bottom). The POPC
samples frequently showed multiple vesicles aggregate with
apparent interfaces, whereas PLPC samples exhibited large
vesicles (several to 10 micrometers in size) with no interfaces,
indicating the mixing of the lipid molecules from different
vesicles (Fig. 2B and S1). These TEM images were consistent
with the results from the membrane mixing experiments
described below (Fig. 3). Note that peaks corresponding to fused
growth were not observed for the samples without F/T or with F/
T but without pelleting (Fig. S2).

To assess the proportion of vesicles that grew, centrifugal
separation at 20 000 g for 30 min at 4 °C was performed on the
vesicles aer F/T cycles. The precipitated vesicles collected from
this process were designated as “grown vesicles”, while
sed of different phospholipids. (A) Examples of F/T with three different
of blue, red, and orange vesicles. (B) F/T of a mixture of two different
F/T of amixture of two vesicles with different compositions of lipid. The
ctures of the phospholipids used in this study: 1-palmitoyl-2-oleoyl-
leoyl-sn-glycero-3-phosphocholine (PLPC, 16 : 0–18 : 2 PC), 1,2-di-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The F/T-induced growth of vesicles with four different initial phospholipid compositions. (A) Size distribution obtained using DLS
measurements. The top panels show the results for initial LUVs while the bottom panels show the results after 3 × F/T cycles. (B) TEM images of
100% POPC and 100% PLPC vesicles before and after 3 × F/T cycles. Scale bars 100 nm. (C) Flowchart showing the F/T experimental procedure
used in the present study. The ultracentrifuged LUV pellet was subjected to F/T followed by vortexing. Grown and ungrown vesicles were
distinguished by centrifugal separation. (D) Growth fraction as a function of the number of F/T cycles. Each error bar represents the standard
deviation calculated from three independent experiments (n = 3).
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“ungrown vesicles” refers to the vesicles that remained in the
supernatant (Fig. 2C). We conrmed through DLS measure-
ments that “ungrown vesicles” predominantly centered around
Fig. 3 Membrane mixing of F/T-induced grown vesicles. (A) Schemati
mechanisms for vesicle growth: vesicle aggregation (bottom left) and ve
expected to increase with the distance between the fluorescent donor, N
mix efficiencies of grown (solid lines) and ungrown (broken lines) vesicles
calculated from two independent experiments, each with threemeasurem
is defined as the 1/EFRET value of LUVs containing both NBD-tagged an
mixing of fluorescent: non-fluorescent LUV = 1 : 7 (Fig. S7B).

© 2025 The Author(s). Published by the Royal Society of Chemistry
their initial diameter of 100 nm, whereas “grown vesicles”
showed a distinct shi toward larger sizes (Fig. S3). Using an
enzymatic lipid quantication assay, we dened growth fraction
c illustrating the FRET assay to quantify and distinguish two possible
sicle fusion (bottom right). The reciprocal of FRET efficiency, 1/EFRET, is
BD (green dots), and the acceptor, rhodamine (red dots). (B) Membrane
after 1–3× F/T cycles. Each error bar represents the standard deviation
ents (n= 6). 0% is defined as the 1/EFRET value for the initial LUVs. 100%

d rhodamine-tagged lipids at a concentration assuming homogenous

Chem. Sci., 2025, 16, 23321–23329 | 23323
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as the mass fraction of lipids of grown vesicles over the total
(sum of grown and ungrown vesicles). The near-zero values of
growth fraction without F/T (0 × F/T cycle in Fig. 2D) indicate
that the centrifugal separation is mild enough to retain initial
LUVs in the supernatant and does not remove the ungrown
vesicles. In contrast, high growth fractions aer 1–3 × F/T
cycles in all phospholipid compositions (Fig. 2D) were consis-
tent with our DLS analyses (Fig. 2A). The growth fraction
increased with the fraction of PLPC in the initial composition:
whereas 100% POPC (i.e., 0% PLPC) had a growth fraction of 27
± 7%, 100% PLPC (i.e., 0% POPC) had a growth fraction of 78 ±

9% (Fig. 2D), with intermediate compositions have interme-
diate growth fractions. The one additional unsaturated bond in
PLPC relative to POPC might have resulted in more destabilized
lateral packing of the vesicle membrane, rendering vesicles with
higher PLPC content more susceptible to fusion during F/T. In
each case, the growth fraction is stable across successive rounds
of F/T (Fig. 2D). When isolated ungrown vesicles were subjected
to additional F/T cycling (Fig. S4 and S5), the growth fraction
was low, suggesting the limited growth potential of the ungrown
vesicles. The TEM images of ungrown vesicles showed that
vesicles that are smaller than the initial ones (Fig. S1). It is
possible that the small ones can no longer pellet by ultracen-
trifugation, resulting in the plateau of the overall growth frac-
tion (Fig. 1D). See SI (Fig. S1, S4 and S5) for details.
Phospholipid-dependent membrane mixing during F/T-
induced vesicle fusion

The grown vesicles aer F/T cycles were sufficiently large for
observation via laser scanning confocal microscopy (LSCM)
(Fig. S6). When two LUV species with membranes containing
uorescently labeled lipids—one with nitrobenzoxadiazole
(NBD)-tagged lipids and the other with rhodamine-tagged
lipids—were mixed and subjected to 3 × F/T cycles, the grown
vesicles exhibited overlapping uorescence signals (Fig. S6),
indicating that membrane mixing had occurred in the grown
vesicles. However, because of the lack of resolution of LSCM, it
is not possible to quantify the mixing of membrane lipids at the
molecular level. We thus used uorescence resonance energy
transfer (FRET) to quantitatively assess the membrane mixing
mechanism (Fig. 3A). As membrane mixing occurs, the distance
between the two uorophores increases, leading to a decrease in
the FRET signal and an increase in the NBD uorescence
(Fig. 3A, right). Conversely, aggregation of LUVs results in little
change in FRET signal (Fig. 3A, le). We prepared LUVs con-
taining both NBD- and rhodamine-tagged lipids as uorescence
donor and acceptor, respectively, and mixed the labeled LUVs
with LUVs without any uorophores (1 : 7 mass ratio) and sub-
jected them to F/T cycles. We then measured the uorescence of
rhodamine and NBD, and calculated the FRET efficiency, EFRET,
and used its reciprocal, 1/EFRET, as an indicator of the
membrane mixing (Fig. 3A; see Materials and methods in SI);
the larger the 1/EFRET value is the more the membrane is mixed,
and vice versa. We found that 1/EFRET of grown vesicles
increased aer 1–3 × F/T cycles compared to that of the initial
LUVs (0 × F/T cycle), irrespective of the initial phospholipid
23324 | Chem. Sci., 2025, 16, 23321–23329
composition (Fig. S7A). Furthermore, 1/EFRET aer 3 × F/T
cycles increased along the PLPC percentage (Fig. S7A), indi-
cating that a higher PLPC content resulted in grown vesicles
with membranes better mixed than those with lower PLPC
content, consistent with the TEM images shown in Fig. 2B.

We then converted 1/EFRET into membrane mix efficiencies
(Fig. 3B; see Materials and methods in SI for details). Here, 0%
corresponds to aggregation of LUVs (i.e., no membrane mixing)
(Fig. 3A, le) and 100% corresponds to homogenous mixing of
lipids (Fig. 3A, right). Aer 2–3 × F/T cycles, the membrane mix
efficiency approached nearly 100% for 100% PLPC vesicles,
while it remained below 30% for 100% POPC (i.e., 0% PLPC)
vesicles. The rst F/T cycle showed the most signicant increase
in the membrane mixing of grown vesicles compared to
subsequent F/T cycles irrespective of phospholipid composition
(Fig. 3B); this result mirrors that of the growth fraction (Fig. 2D),
which also increased the most aer the rst F/T cycle. Note that
values slightly exceeding 100% membrane mix efficiency of
PLPC are likely due to a statistical error. In contrast to grown
vesicles, lowmembrane mix efficiencies (up to 30%) of ungrown
vesicles (Fig. 2C) were observed (Fig. 3B, broken lines), which
suggests a positive correlation between membrane mixing and
vesicle growth.
Phospholipid-dependent mixing of encapsulated materials as
a result of F/T-induced vesicle fusion

Vesicle fusion may also result in mixing or leakage of internal
contents. To explore whether grown vesicles incorporate and
maintain the contents compartmentalized within the initial
LUVs that fuse to form the grown vesicles, two populations of
LUVs encapsulating two different molecules, a calcein–cobalt
(Co2+) complex and EDTA, respectively, were mixed at a 1 : 1
ratio and subjected to F/T cycles (Fig. 4A). Upon content mixing,
EDTA chelates Co2+, restoring calcein uorescence that had
been initially quenched by Co2+ (Fig. 4A), as observed by LSCM
(Fig. 4B). We thus tracked calcein uorescence across F/T cycles
in the grown vesicles composed of four different phospholipid
compositions (Fig. 4C). We conrmed that calcein uorescence
signicantly increased aer the rst F/T cycle for all phospho-
lipid compositions (Fig. 4C). Aer 3 × F/T cycles, we saw a clear
trend where the higher the PLPC percentage was, the lower the
uorescence intensity of the resulting grown vesicles (Fig. 4C).

Note that the uorescence change observed in Fig. 4C is an
overlay of (i) content mixing and (ii) content leakage triggered
by F/T. To quantify the inuence of content leakage on the
change in the uorescence observed in Fig. 4C, LUVs encapsu-
lating uorescent calcein made of four different phospholipid
compositions were subjected to F/T cycles. Content leakage in
the form of uorescence intensity loss was observed in all LUV
compositions tested and showed a clear dependency on phos-
pholipid composition (Fig. 4D). The higher the PLPC content,
the greater the uorescence intensity decrease, which we spec-
ulate is likely due to the reduced membrane packing under F/T
conditions. Finally, to extract the content mix efficiency of the
LUV compositions tested (Fig. 4E), we normalized the calcein
uorescence intensity observed in grown vesicles (Fig. 4C) by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Content mixing and leakage of F/T-induced grown vesicles with different phospholipid compositions. (A) Schematic of the calcein-Co2+-
EDTA assay for quantifying content mixing. Calcein exhibits fluorescence when Co2+ is removed by EDTA chelation. (B) Representative LSCM
images of grown vesicles in the content mixing assay obtained by (i) DIC observation, (ii) fluorescence observation with an excitation wavelength
corresponding to calcein (488 nm), and (iii) a merged image of (i) and (ii). Imaging was performed using a 63× /1.40 oil-immersion objective lens
at room temperature. (C) Calcein fluorescence in the initial LUVs (0 × F/T cycle) and in grown vesicles after 1–3 × F/T cycles. The fluorescence
signals are derived from an equal amount of lipid vesicle (10 mg). (D) Calcein leakage over 1–3 × F/T cycles. Vesicles used in this experiment were
prepared with an internal content consisting of a mixture of the calcein-Co2+ complex and EDTA at the concentrations in (C). The fluorescence
signals shown are derived from an equal amount of lipid vesicle (10 mg). Therefore, these data were used as the fluorescence value representing
100% content mix efficiency for each phospholipid composition at each F/T cycle. (E) Content mix efficiencies of LUVs over 1–3 × F/T cycles
calculated from data in (C) and (D). Each error bar represents the standard deviation calculated from two independent experiments, each with
three measurements (n = 6).
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subtracting the effect of content leakage (Fig. 4D, see Materials
and methods in SI), and found that higher PLPC content
resulted in higher content mix efficiency (Fig. 4E).
Correlation between degree of lipid unsaturation and growth
fraction, membrane mix efficiency, and content mix efficiency

We have quantied the effect of phospholipid composition on
the (i) F/T-induced growth fraction (Fig. 2) and the (ii)
membrane mixing (Fig. 3) and (iii) content mixing efficiencies
(Fig. 4) of grown vesicles by varying the ratio of POPC and PLPC.
Our results showed that a higher fraction of PLPC led to not only
a higher growth fraction but also a more effective mixing of
membranes and contents in the grown vesicles. Given that
POPC has one double bond in the acyl chains and PLPC has two
double bonds, we speculated that double bonds in the phos-
pholipid promote fusion and thus growth, membrane mixing,
and content mixing. We applied the same experimental setup to
LUVs consisting of DOPC, a di-monounsaturated phospholipid,
which has two double bonds in total, like PLPC, but in different
acyl chains (Fig. 1D). Similarly to PLPC, 100% DOPC LUVs
showed a higher growth fraction, membrane mix efficiency, and
content mix efficiency than POPC LUVs over 1–3 × F/T cycles
(Fig. S8), indicating that one additional double bond, with
© 2025 The Author(s). Published by the Royal Society of Chemistry
relatively little dependence on its position, critically changes
vesicle behavior.

We then introduced a parameter, “degree of unsaturation”,
to compare our assay results across various compositions based
on the number of double bonds in the lipid composition.
Degree of unsaturation is taken to be an average number of
double bonds in the acyl chains per phospholipid comprising
the initial LUVs. We found a strong positive correlation (r > 0.9)
between the degree of unsaturation and growth fraction
(Fig. 5A). The superior growth of initial LUVs with higher degree
of unsaturation can be attributed to differences in the physi-
cochemical properties of lipids such as phase transition
temperatures (Tm), or the lateral packing properties of
membrane.

We speculate that membrane lateral packing, rather than Tm
of individual phospholipids, plays a more signicant role in
vesicle growth in our experimental setup. The Tm values of
POPC, PLPC, and DOPC are −2 °C, −18 °C, and −17 °C,
respectively.31 Given that vesicle fusion can occur in conned
spaces between ice crystals at subzero temperatures, vesicles
composed of lipids with lower Tm, such as PLPC and DOPC may
retain higher membrane uidity in these conned spaces,
facilitating fusion. However, vesicle connement was already
Chem. Sci., 2025, 16, 23321–23329 | 23325
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Fig. 5 Comparison of vesicle behaviors after 1 × F/T cycle among various phospholipid compositions. (A) Growth fraction as a function of
“degree of unsaturation,” defined as the average number of double bonds in acyl chains per phospholipid constituting the initial LUVs. Correlation
of growth fraction with (B) membrane mix efficiency and (C) content mix efficiency. Each data point corresponds to different phospholipid
compositions of initial LUVs as indicated in the legend. Linear regression lines are provided as visual guides to illustrate the positive trend, along
with pearson correlation coefficients (r) and estimated p-values.
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ensured by ultracentrifugation in our experiments, making
additional ice crystal-induced connement unlikely to play
a major role. The limited inuence of ice crystal connement is
further supported by the observation that the growth fraction
generally exhibited small differences depending on whether the
frozen sample was thawed moderately at 24 °C or rapidly at 65 °
C across the three phospholipids over 1–3 × F/T cycles (Fig. S9).
Therefore, we suppose that the correlation between the degree
of unsaturation and growth fraction we observed is owing to
membrane lateral packing. More unsaturated phospholipids
like DOPC and PLPC tend to form less densely packed
membranes than POPC.32,33 Under the stresses of ice crystal
formation, membranes can become destabilized or fragmented,
requiring structural reorganization upon thawing. The loosely
packed lateral organization due to the higher degree of unsa-
turation may expose more hydrophobic regions during
membrane reconstruction, facilitating interactions with adja-
cent vesicles and making fusion energetically favorable.

Furthermore, both the membrane and content mix efficien-
cies exhibited positive correlation (r > 0.85) with growth fraction
(Fig. 5B and C), suggesting that F/T-induced grown vesicles can
be selectively composed of growth-prone phospholipids, and
simultaneously being enriched with contents originally encap-
sulated in growth-prone vesicles. Taken together, these data
indicate that the degree of unsaturation reports on the ease of
vesicle fusion, at least for the lipids used in these experiments.
F/T cycles induced the selection of a phospholipid and
accompanied enrichment of genetic molecules

Assuming LUVs consisting of POPC and PLPC coexist, grown
vesicles emerging as a result of the F/T cycles may selectively
contain more PLPC than POPC due to the greater growth frac-
tion of pure PLPC vesicles compared to pure POPC vesicles
(Fig. 1B). In addition, as the content of PLPC vesicles tend to be
transferred more to grown vesicles compared to POPC vesicles,
23326 | Chem. Sci., 2025, 16, 23321–23329
the preference for PLPC may also lead to the enrichment of
contents initially encapsulated in PLPC vesicles (Fig. 1C).

To test this hypothesis, we rst developed an analytical
method to quantify POPC and PLPC frommixed fractions using
high-performance liquid chromatography with evaporative light
scattering detection (HPLC/ELSD) (Fig. 6A and S10). We sub-
jected a 1 : 1 weight mixture of 100% POPC LUVs and 100%
PLPC LUVs to F/T cycles. As expected, the PLPC/POPC ratio of
the grown vesicles increased approximately two-fold (0.98 ±

0.07 to 1.83 ± 0.13) aer 3 × F/T cycles, indicating selective
incorporation of PLPC into the grown vesicles (Fig. 6B). We also
investigated whether encapsulated molecules in the initial
vesicle population were enriched by using DNA as a model
analyte (Fig. 1C). DNA encoding green uorescent protein (GFP-
DNA, 956 bp) andmScarlet protein (mScarlet-DNA, 929 bp) were
encapsulated in 100% POPC LUVs and 100% PLPC LUVs,
respectively. These two LUV populations were mixed at a 1 : 1
lipid mass ratio and subjected to 1–3 × F/T cycles. DNAs
encapsulated in the initial LUV mixture and the grown vesicles
were recovered and subjected to quantitative PCR (qPCR). As
a result, following each F/T cycle (Fig. 6C), the copy number
ratio of mScarlet-DNA to GFP-DNA increased by two-fold (1.96±
0.15 to 4.31 ± 0.08) aer 3 × F/T cycles (Fig. 6D). We nd that
grown vesicles that form through F/T cycles exhibited both
a bias toward PLPC and preferential retention of DNA, while
selectively neutral, originating from PLPC LUVs. These results
demonstrate that the enrichment of compartmentalized genetic
molecules in the absence of selection pressure can be driven by
F/T-induced selection of membrane lipids.
Implications for primitive cellular
systems under prebiotic environments

Our results of effective transfer of encapsulated contents along
with growth-prone lipids indicate informational continuity
between “generations” of vesicles. Here, we consider whether
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Selection of membrane lipids and the coupled enrichment of encapsulated genetic molecules. (A) Representative chromatogram from
HPLC/ELSD analysis of POPC and PLPC, measured separately (top) and as a 1 : 1 mass ratio mixture (bottom) (see Materials and methods and
Fig. S10 in SI for details). (B) Changes in the PLPC/POPC mass ratio over F/T cycles. Data from the initial LUVs and the grown vesicles collected
after 3× F/T cycles are compared. (C) Copy numbers of GFP-DNA (green) andmScarlet-DNA (red) extracted from the initial LUVmixture and the
grown vesicles obtained after 1–3 × F/T cycles. DNA was quantified by qPCR. (D) The change in mScarlet-DNA/GFP-DNA molar ratio from the
initial LUVs compared to that from the grown vesicles after 3 × F/T cycles. Error bars represent the standard deviation from three independent
experiments (n = 3).
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such processes we observed using POPC and PLPC could have
occurred under prebiotic environmental conditions.

We used phosphatidylcholine (PC) as membrane compo-
nents, owing to their chemical structural continuity with
modern cells, potential availability under prebiotic
condition,19–21 and retaining ability of essential contents. The
comparison among three PC lipids highlighted that only a small
difference in the acyl chain is sufficient to dramatically change
the membrane behavior under F/T conditions, leading to the
membrane-composition based selection. While further experi-
ments are needed, we speculate that similar selection could
occur among other amphiphilic molecules with greater chem-
ical or structural differences, including phospholipids other
than PC and fatty acids, which could have been more easily
synthesized on early Earth than di-acyl chain phospholipids.1,34

F/T cycles in nature, driven by geological or environmental
processes such as diurnal and seasonal temperature changes, or
tidal-induced ice-ocean convections30,35,36 occur much more
slowly than our experimental timescales. As a consequence of
such slow freezing and thawing, vesicles are expected to spend
a longer time near the phase transition temperature, where
membranes become destabilized and transiently permeable,
which would likely enhance the mixing of encapsulated
contents37 (if the lipid Tm lies within the F/T temperature
range). In addition, slow freezing can lead to the gradual growth
of water ice crystals, which exclude solutes within the inter-
crystal liquid phase, resulting in eutectic concentration. This
concentrated environment, combined with prolonged vesicle
proximity at the ice boundaries, is expected to promote vesicle
fusion.38 Moreover, eutectic concentration could facilitate the
uptake of denser molecular systems. It is important to note that
F/T cycles also induce contents leakage as shown in Fig. 4D.
Vesicle fusion and content mixing are induced by the destabi-
lization of the vesicle, while the same mechanism induces
content release, and there is a trade-off between the two. The
fusion and content exchange can occur more when vesicles are
in proximity, and eutectic concentration might have played an
essential role in achieving such situation. We consider ultra-
centrifugation, though unrealistic in the natural settings,
© 2025 The Author(s). Published by the Royal Society of Chemistry
analogous to the eutectic concentration in vesicle–vesicle
contact within a conned space.

Beside F/T cycles, dry–wet cycles have been well discussed as
plausible prebiotic drivers for chemical evolution.39,40 The
drying conditions, however, may cause excessive dehydration
and heat stress, leading to irreversible denaturation of mole-
cules including proteins and lipid bilayer. We believe that F/T
cycles can be an effective environment when the reaction and
the molecules require water molecules. In addition to induce
the supply of vesicle contents from other vesicles,28,37,41,42 F/T
conditions have been reported to be conducive to key prebi-
otic pathways, such as monomer synthesis, polymerization, and
ligation of RNA43–45 as well as hybridization between kilobase-
sized DNA.46 Our demonstration on how F/T cycles can
directly effect vesicle behavior depending on physicochemical
properties of lipid membranes additionally supports that icy
conditions could have played a signicant role in facilitating the
selective assembly of biomolecules and molecular systems,
providing a key step toward contemporary cellular systems.
Conclusions

The present study demonstrated that phospholipid composi-
tion contributes to vesicle growth under F/T cycling conditions.
Furthermore, we showed that genetic molecules can be selec-
tively enriched within the grown vesicles based on their origi-
nating lipid composition instead of their encoded information
(Fig. 6). As phospholipid vesicles can harbor not only genetic
but also other (proto-)biomolecules, our observation suggests
that icy environments can drive the membrane-composition
based mixing and enrichment of various components to
offspring, resulting in an inheritance of the contents. A recur-
sive selection of F/T-induced grown vesicles across successive
generations may be realized by integrating ssion mechanisms
such as osmotic pressure or mechanical shear. With increasing
molecular complexity, the intra-vesicular system, i.e., gene-
encoded function, ultimately may take over the protocellular
tness, consequently leading to the emergence of a primordial
cell capable of Darwinian evolution.
Chem. Sci., 2025, 16, 23321–23329 | 23327
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7 D. Segré, D. Ben-Eli, D. W. Deamer and D. Lancet, Orig. Life
Evol. Biosph., 2001, 31, 119–145.
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